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Abstract 
The existence of ester-linked diferulic acid in the cell wall has long been 
known. However, there is no convincing evidence that definitively describes the 
type of linkage that diferulate groups can form. Esterified diferulic acid could exist 
as a sidechain of a polysaccharide or in two possible "bridging" conformations: a 
linkage between different parts of the same polysaccharide (intramolecular linkage) 
or a cross-link between two independent polysaccharide chains (intermolecular 
linkage). I have developed a method which allows the existence of an intermolecular 
diferuloyl linkage to be tested. 
Plant cell-suspension cultures were fed a radiolabelled ferulic acid precursor, 
(E)-[U-' 4C]cinnamic acid, and maize was shown to have the greatest degree of 14C_ 
incorporation into polymer-esterified groups. More [ 14C]diferulate formed in the cell 
wall of older cultures than in young cultures, where intraprotoplasmic coupling was 
prevalent. I was also able to detect a putative [ 14C]hydroxycinnamoyl-CoA, a donor 
molecule for feruloylation, in 2-d-old maize cell-suspension cultures up to 8 mm 
after [' 4C]cinnamic acid feeding. 
Iodide 	diminished 	ferulate 	dimerisation 	taking 	place 	both 
intraprotoplasmically and within the cell wall. The effect of KI or NaT could be 
reversed and dimerisation increased with its removal and addition of H20 2 . 14C-
Feruloylated polysaccharides secreted in the presence of NaT or KI passed through 
the cell wall directly into the culture medium, where they accumulated as soluble 
extracellular polysaccharides. Inhibition of diferulate formation may prevent the 
integration of newly synthesised arabinoxylans into the cell wall as diferulate cross- 
links cannot form to integrate the polysaccharides into the wall, suggesting that an 
intermolecular diferuloyl linkage may act as an anchorage point. 
Feeding cells with [U 3C]glucose in the presence of NaT or KI for 24 h 
allows the formation of a 12C/13C interface within the cell wall. Removal of the 
inhibitor and addition of H202  would allow the formation of diferulate groups across 
the 12C/' 3C interface, if intermolecular dimerisation is possible in vivo. 
I have developed a method of extraction and purification of fragments of the 
isotopically labelled cell wall, namely feruloyl-arabinose and diferulic acids, which 
allow the existence of an intermolecular diferuloyl linkage to be tested. To monitor 
the incorporation of carbon from exogenous glucose, I fed [U- 14C]glucose to cell-
suspension cultures. Autoradiography and scintillation counting of the isolated cell 
wall fragments have shown the incorporation of radioactivity into the groups of 
interest, namely feruloyl-arabinose and diferulate, confirming that glucose was a 
suitable compound in which to deliver the ' 3C. 
Preliminary results from this method with both [ 14C]glucose and [ 13C]glucose 
gave some evidence, such as the secretion of 14C-feruloylated polysaccharides in the 
presence of an H202  scavenger and the detection of cell wall fragments into which 
' 3C had been incorporated, for an intermolecular diferuloyl linkage to exist and that 
my approach is a suitable method to detect such linkages. 
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I Introduction 
When Robert Hooke looked through a microscope at a cork section in 1665 he 
described what he saw as small boxes or cells (Campbell, 1996). The structures that 
characterised these cells were the cell walls. In the centuries that have followed this 
discovery, the view of the cell wall has changed from a structure barren of biological 
activity to a highly complicated structure with an array of metabolic functions. 
1.1 Cell wall structure 
A mature cell wall consists of three layers that have been laid down by the cell. 
The point at which adjoining cell walls meet is termed the middle lamella. The next 
layer to be formed is the primary wall which is laid down by cells that are growing. 
The secondary wall is only laid down in walls that have ceased growth, but this does 
not happen in every cell (Brett & Waldron, 1990). 
The molecules that make up the primary and secondary cell wall can be 
separated into two phases: the microfibrillar phase and the matrix phase. The 
contents of these phases are summarised in Table 1. 








In the microfibrillar phase of the cell wall the main component is cellulose, 
which is a long chain of -(1 —p4)-linked glucose residues. Each cellulose molecule 
can have up to 15,000 residues in a single chain (McNeil et al., 1984). Within the 
microfibril, cellulose molecules line up side by side to form a semi-crystalline 
structure. Surrounding the microfibrils of the cell wall is the matrix phase. This 
phase contains components of the cell wall which are not crystalline. Table 1 lists 
the components of this phase. 
1.2 Matrix phase 
Hemicelluloses are polysaccharides which are able to bind to the surface of the 
microfibrils, probably helping to hold the wall together (Iiyama, 1994). The main 
hemicellulose found in the primary wall of dicots is xyloglucan. This has a backbone 
of 13-(1-->4)-linked glucose residues. It has side-chains that mainly consist of xylose, 
but they can also contain galactose and fucose to a lesser extent. 
In gramineous monocots arabinoxylan is the most abundant hemicellulose, 
constituting around 25% of the primary cell wall (Darvill et al., 1980). Arabinoxylan 
has a backbone of J3-(1--+4)-linked xylose residues that can have side-chains of 
arabinose and glucuronic acid (Carpita, 1996; Burke et al., 1974). Arabinose is 
attached to xylose residues at the 0-3 position (Wende and Fry, 1997). 
Pectins form a loose gel that surrounds the microfibril—hemicellulose complex. 
The gel is formed when calcium cross-links form between the homogalacturonan 
components of pectin. Homogalacturonan consists of a linear chain of a-(1-4)-
linked galacturonic acid residues. In the cell wall it can be covalently joined to 
2 
rhamnogalacturonan I (RG I). RG I is often described as being 'hairy' owing to its 
many side-chains. These side-chains can be quite long and mainly consist of 
arabinose and galactose residues. In contrast, homogalacturonan has no side-chains 
and is described as the 'smooth' region of the partnership with RG I (Fry, 1988). 
Phenolic molecules are another collection of components that are part of the 
matrix phase. Cell-wall phenolics include lignin and ferulic acid. Lignin forms in 
mature cells that have a secondary wall. It is a complex mass of subunits that link 
together with little regularity. 
The other main phenolic present in some cell walls is ferulic acid (Fig. 1.1). 
Ferulic acid is formed via the phenylpropanoid pathway (Fig. 1.2) and is a 





Figure 1.1. Structure of ferulic acid. 
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Figure 1.2. Section of the phenyipropanoid pathway showing the biosynthesis of 
ferulic acid and other phenolic compounds. Also shown are the precursors of ligin 
biosynthesis, the monolignol alcohols. PAL, phenylalanine ammonia lyase (E.C. 
4.3.1.5); C4H, cinnamate 4-hydroxylase; OH, p-coumarate 3-hydroxylase; COMT, 
caffeate/5 -hydroxyferulate-O-methyltransferase; F51-1, ferulate 5-hydroxylase. 
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Ferulic acid is able to form ester-linkages with sugar residues of cell wall 
polymers. These ester linkages were first detected in the cell walls of grasses and 
cereals (Higuchi et al., 1967; Hartley, 1973; Whitmore, 1974). Initially, it was 
thought that ferulic acid was ester-linked only to lignin. However, further studies 
provided evidence that proved the presence of ferulic acid ester-linked to 
polysaccharides of the cell wall (Hartley, 1973; Hartley & Jones, 1976). 
Primary cell wall sections were analysed by ultraviolet fluorescence 
microscopy and were found to fluoresce blue in water (pH 5.4). The colour of 
fluorescence changed to intense blue/green when the PCW sections were treated with 
0.1 M ammonium hydroxide (pH 10.3). Ferulic acid esters were known to exhibit 
this pattern of fluorescence with changes in pH (Harris & Hartley 1976; Fry, 1988) 
and so it was concluded that the PCW sections contained ferulic acid esters. Later, in 
wider-reaching investigations, it was found that ferulic acid esters occurred in the 
PCWs of all commelinoid monocotyledons, dicotyledons in the order Caryophyllales 
and all gymnosperm families (Carnachan & Harris, 2000). 
The esterified feruloyl residue mainly binds to arabinose or galactose residues 
of hemicelluloses and pectins (Fry, 1979; Smith & Hartley, 1983). Furthermore, 
ferulic acid molecules are able to form covalent bonds with each other. This occurs 
in the presence of peroxidase and hydrogen peroxide and the resulting diferuloyl 
residue has been speculated to form a cross-link between hemicelluloses in monocots 
and pectic polysaccharides in dicots (Markwalder & Neukom, 1976; Ishii 1991; 
Baydoun et al., 2004). 
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1.3 Position of feruloyl groups on cell wall polysaccharides 
The position of feruloylation in gramineous monocots is different from that in 
dicots; however, in both cases ferulate groups are attached to structural polymers 
(Hatfield et al., 1999). In studies on gramineous monocots it was found that ferulate 
groups form an ester-linkage at the C5 position of arabinosyl side-chains of 
arabinoxylan. In the shoot cell-walls of Zea mays after digestion with Driselase, the 
main ferulate-containing compound was found to be O-(5-O-feruloyl-a-L-
arabinofuranosyl)-( 1 —*3 )-O-fl-n-xylopyranosyl-( 1 —*4)-D-xylose (FA)(X) (Kato & 
Nevins, 1985; Fig. 1.3). 
A feruloylated xyloglucan disaccharide, 0-(4-0-feruloyl-(X-D-xylopyranosyl)-
(1—*6)-D-glucose, has been isolated from bamboo shoot cell walls (Ishii et al., 1990, 
Fig; 1.3). This was the first report that ferulate groups were linked to xyloglucan in 
cell walls. This finding led to the suggestion that xyloglucan could be cross-linked 
by a diferulate bridge. However, as with all these feruloylated fragments, their 
existence does not provide any evidence for the existence of a cross-link. Any 
potential role that xyloglucan could play in the cell wall would be limited by the low 
levels (approx. 4%) of xyloglucan found in the primary cell walls of gramineous 
monocots (Fry, 1988). 
In dicots the main site of feruloylation is not a hemicellulose but on galactose 
and arabinose side chains of pectic polysaccharides (Fry, 1982; Ishii & Tobita, 
1993). Ferulate groups were found to form ester-linkages with two different sugar 
residues in spinach cell walls. Each of the ferulate-containing fragments was 
characterised and found to be 0-(6-0-feruloyl-3-D-galactopyranosyl).. (1-*4)-D-
galactose and 0-(2-0-feruloyl-(X-Larabinopyranosyl) (l—*S)-L- arabinose (Fig. 1.3). 
no 
Around 60% of ferulate in the cell walls of spinach cell-suspension cultures is found 
in these two formations (Fry, 1982; Ishii & Tobita, 1993). 
In 1997, Ishii recorded 17 different feruloylated or p-coumaroylated 
oligosaccharides. Since then more have been identified, some of which contain two 
ferulate groups on a single oligosaccharide (Fig. 1.3.). 
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Figure 1.3. Selection of feruloylated oligosaccharides isolated from plant cell walls 
after digestion with Driselase (Kato and Nevins, 1985; Fry, 1982; Ishii etal., 1990, 
Levigne, 2004). 
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1.4 Mode of feruloylation 
Free ferulate groups are not thought to form bonds directly with 
polysaccharides. Instead, a series of intermediates ending with the donor compound 
feruloyl-CoA is more likely. The role of feruloyl-CoA as a donor substance has been 
suggested in maize and parsley microsomal preparations (Kohler & Kauss, 1997; 
Meyer et al., 1991; Myton & Fry, 1995). However, in both cases the feruloyl-CoA 
that acted as donor compound for the incorporation of ferulate into a polymer was 
exogenously supplied. A potential feruloyl CoA degradation product was detected in 
maize cell-suspension cultures (Fry et al., 2000), but it has yet to be characterised 
further. 
The precision with which ferulate groups are attached to sugar residues 
suggests that feruloylation is not a random process. For example, in pectin from the 
cell walls of spinach, ferulate has been found to be linked to arabinopyranose 
residues and not the more common arabinofuranose form (Fry, 1982). This process 
would require a feruloyltransferase that would catalyse the transfer of a ferulate 
group onto a specific cell wall sugar residue. A feruloyltransferase from Oryza 
sativa has been identified that, in the presence of an arabinoxylan trisaccharide 
(AXX) and feruloyl-CoA, causes the formation of FAXX (Yoshida-Shimokawa et 
al., 2001). 
1.5 Sub-cellular location of feruloylation 
The cellular location of feruloylation is still largely unknown. Studies in 
Festuca arundinacea suggest that feruloylation occurs intracellularly, during the 
synthesis of nascent polysaccharides (Myton and Fry, 1994). Similar results have 
also been reported from studies of spinach cell-suspension cultures (Fry, 1987). 
Feruloylation is likely to occur shortly before polysaccharides are exported to the cell 
wall (Brett et al., 1999). Both Myton and Fry (1994) and Fry (1987) state that little 
or no additional feruloylation was found to occur after polysaccharides have been 
exported to the cell wall. 
These results contradict work that was carried out on barley seedlings where 
feruloylation was claimed to continue after deposition of polysaccharides into the 
wall had stopped (Yamamoto and Towers, 1985). However, this research did not 
take into account gross deposition of cell wall polysaccharides, only net deposition. 
Polysaccharides, which can be heavily feruloylated, continue to be incorporated into 
the cell wall to replace those lost by sloughing off. This may explain why the 
accumulation of ferulate groups was seen when there was no net increase in the 
polysaccharides. Also, feruloyltransferase activity was found in the cytosolic 
fraction and material from the cell wall of Oryza sativa. Fer-CoA was incubated 
with AXX (Ara-Xyl-Xyl) along with enzymes extracted from the cytosol and 
ionically bound enzymes (considered to be derived from the cell wall) of Oryza cells. 
After incubation, FAXX was detected in both reaction preparations and this suggests 
that feruloylation may also occur in the cell wall (Yoshida-Shimokawa et al., 2001). 
1.6 Diferulic acid 
In 1971 Geissmann and Neukom were the first to demonstrate the involvement 
of esterified feruloyl residues in the formation of covalent cross-links between cell 
wall polysaccharides (Ishii, 1997). It was suggested that the gel that resulted from 
the incubation of water-soluble wheat arabinoxylans with H20 2 and peroxidase was 
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caused by the oxidative coupling of feruloyl residues that were esterified to 
arabinoxylan. They were also able to demonstrate that these feruloyl residues 
coupled to form a dehydrodiferulate. 
Diferulic acid, released by the alkali hydrolysis of cell wall material, was then 
found in the cell walls of the Poaceae (Hartley & Jones, 1976; Markwalder & 
Neukon, 1976). Indeed, diferulic acid was found to be present in almost all 
monocotyledon cell walls. 
However, it was not until 1991 that the occurrence of a diferulate group in 
primary cell walls was demonstrated (Ishii, 1991). The primary cell walls of bamboo 
(Phyllostachys edulis) were hydrolysed with Driselase and the resulting material was 
fractionated by passage through a number of columns. Fractions were examined for 
those which contained material that fluoresced under 320-nm UV radiation, an 
indicator of the presence of phenolic material. Analysis of the single peak of 
fluorescence that was found resulted in the identification of a di-(feruloyl-
trisaccharide) (Fig. 1.4). 
OCH 3 
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Figure 1.4. Di-(feruloyl-trisaccharjde) isolated from bamboo cell walls (Ishii, 1991). 
The di-(feruloyl-trisaccharide) consisted of two identical fragments of 
arabinoxylan, each consisting of two xylose and one arabinose residues, which were 
linked by a 5-5'-diferulate group. Manipulation of Fig. 1.4 shows how the di-
(feruloyl-trisaccharide) could act as a cross-link is shown in Fig. 1.5. 
TRISACCHARIDE 
TRISACCHARIDE 
Figure 1.5. Manipulated view of the 5-5'-diferulate cross-link proposed by Ishii. 
1.7 Identification of more than one ferulate dimer 
For many years the 5-5'-diferulate dimer was called 'diferulic acid' as no other 
ferulate dimers had been detected in vivo or in vitro. However, in 1992 seven 
ferulate dimers of ferulic acid were synthesised in vitro (Ralph et al., 1992) and all 
seven ferulate dimers were later found to be present in the cell walls of grasses 
12 
(Ralph et al., 1994). The seven diferulate cross-links found in the cell walls of 
grasses are shown in Fig. 1.6. 
The identification of these six, previously unknown, ferulate dimers has meant 
that the techniques used to measure the total diferulate content of the cell wall have 
been rethought. Previously, measurements of the total diferulate content of a sample 
have only measured 5-5'-diferulate levels. However, it has been estimated that 5-5'-
diferulate only accounts for around 5-17% of the total diferulate content and it is 
therefore a poor indicator of the degree of ferulate dimerisation present in the cell 
wall (Grabber et al., 1995; MacAdam and Grabber, 2002; Ralph etal., 1994). 
13 
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Figure 1.6. Ferulic acid dimers identified in the cell walls of grasses. 
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Recently, polymer-esterified phenolic material larger than ferulatr dimers has 
been detected in 2-d-old and 4-d-old maize (Zea mays) cell-suspension cultures (Fry 
et al., 2000). These results suggested the presence of coupling products larger than 
ferulate dimers in the cell wall. The amount of polymer-esterified material detected 
in the cell wall that was thought to be larger than dimers was found to be greater than 
the amount of diferulates detected. This led to the proposal that polymer-esterified 
material larger than ferulate dimers may play an important role in the architecture of 
primary cell walls. 
1.7.1 Triferulic acid 
As suggested by Fry et al. (2000), coupling products larger than ferulate 
dimers are present in cell walls. Three triferulic acids have been isolated from maize 
bran. The ferulate trimers identified were 4-0-8',5'-5"-triferulic acid, 8-0-4',8'-0-
4"-triferulic acid and 8-8', 8'-0-4"-triferulic acid (Fig 1.7 ) (Bunzel et al., 2003; 
Funk etal., 2005; Rouau etal., 2003). 
The 4—O-8',5'-5"-linked ferulate trimer was identified by RP-HPLC of 
saponified maize bran. The ferulate trimer represented 12% of the total (ferulate 
dimer and larger ferulic acid compounds) detected from the maize bran (Rouau et al., 
2003). This reiterates the importance of the role of polymer-esterified material larger 
than ferulate dimers in cell walls as 5-5'-diferulic acid only accounts for 5-15% of 
the total ferulate dimers in the cell wall. 
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As yet, the role of this ferulate trimer in the architecture of cell walls is not 
known. However, it is possible that up to three polysaccharide chains may be 
connected by a single ferulate trimer, with each ferulate group ester-linked to a 
different polysaccharide. The linkage of three different polysaccharide chains would 
involve two intermolecular linkages between ferulate groups. If a ferulate trimer was 
found to link only two polysaccharide chains, then this would involve an 
intermolecular and an intramolecular linkage. 
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Figure 1.7. Ferulic acid trimers identified in the cell walls of maize bran. 
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1.7.2 Larger coupling products 
So far, only ferulate dimer and trimers of ferulate have been fully 
characterised from the cell walls of plants (Bunzel et al., 2003; Funk et al., 2005; 
Ishii, 1991; Ralph etal., 1994; Rouau etal., 2003). However, it is possible that there 
are coupling products larger than trimers present in the cell wall as suggested by Fry 
et al. (2000). In-vitro coupling of ferulic acid using a lignin peroxidase indicated the 
formation of a tetramer of ferulic acid (Ward et al., 2001). It is therefore likely that 
tetramers and possibly larger coupling products will be found to be present in plant 
cell walls. 
1.7.3 Stereoselectivity of dimer formation 
In gramineous monocots such as maize, four of the seven known ferulate 
dimers are present: 5-5', 8-0-4', 8-5A' and 8-5B' diferulic acid. The most 
abundant ferulate dimer present is 8-5' diferulic acid, which accounted for around 
45% of all ferulate dimers extracted from the cell wall (Grabber et al., 1995). This 
leads to the question of control over ferulate dimer formation. If ferulate dimer 
formation was random, then it would be reasonable to say that there should be 
roughly equal amounts of each possible ferulate dimer present or at least that all 
plants should have the same ratio of all ferulate dimers. This question has been 
raised with respect to lignin and lignan formation (Davin et al., 1997; Davin & 
Lewis, 2000; Burlat et al., 2001). The random bimolecular coupling of trans-
coniferyl alcohol, a lignin precursor, would result in three ferulate dimer products: 
dehydrodiconiferyl alcohol, guaiacylglycerol 8-0--4'-coniferyl alcohol ether and 
pinoresinol. However, examination of crude cell wall extracts from Forsythia 
suspensa revealed that coupling of two trans-coniferyl alcohols resulted only in the 
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production of pinoresinols (Davin et al., 1997). 	The control over the 
stereoselectivity was found not to be under the control of peroxidases or laccases, as 
when the reaction was carried out in vitro a mixture of products was formed. It was 
found that when the same reaction took place in the presence of a 78-kD protein, 
isolated from the crude cell wall extracts of Forsythia suspensa, the stereoselectivity 
of the products was affected and mainly pinoresinols were formed (Davin et al., 
1997). It is thought that the protein, which does not have an active site, captures a 
free-radical intermediate form of the coniferyl alcohol formed by the oxidase enzyme 
and it is then positioned in such a way that only pinoresinol could be formed (Davin 
& Lewis, 2000). In reference to the guiding role of this protein, the class were 
named dirigent proteins from the Latin: dirigere, to guide or align. 
It is possible that the stereoselectivity of diferulate formation is also 
controlled by a similar protein. This would explain the appearance of only four out 
of the possible seven ferulate dimers and also the differing amounts of each with in 
the cell walls of gramineous monocots. However, as yet there have been no 
discoveries of dirigents with respect to diferulate formation. 
1.7.4 Generation of H 202  required for oxidative coupling 
H202  is present in the cell wall and its synthesis is initiated by a range of 
factors including developmental stage and fungal infection (Vreeburg & Fry, 2005). 
H202  is one of three reactive oxygen species (ROS) present in the cell wall—the 
other two are the hydroxyl radical (OH) and the superoxide radical 027—formed by 
the stepwise reduction of 02. 
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ROS can be produced in non-stressed plants in chloroplasts and mitochondria 
or by membrane-bound or apoplastic (i.e., cell wall) enzymes which are involved in 
redox reactions (Wojtaszek, 1997). In the protoplasm, H20 2 is formed from the 
dismutation of '02 (02 + 02 + 2H -* H202  + 02). This reaction can take place 
spontaneously or it can be catalysed by superoxide dismutase (SOD) which has been 
found in the cell wall amongst other cellular locations (Streller & Wingsle, 1994). 
The mechanism of H202 production has mainly been studied in relation to the 
oxidative burst caused by pathogenic attack. During an oxidative burst, ROS are 
though to be synthesised via two main routes: by an NADPH oxidase system and/or 
by cell wall peroxidases. In the case of the NADPH oxidase system, an elicitor 
molecule from a potential pathogen is recognised by a receptor on the plasma 
membrane. This interaction activates a signalling pathway which may involve GTP-
binding proteins, ion channels, protein kinases and protein phosphatases (Wojtaszek, 
1997). This pathway eventually leads to the synthesis of 02 via NADPH oxidase, 
which becomes dismutated into H202 and 02. An NADPH oxidase which produces 
• 02 has been located in the plasma membranes of potato tubers (Doke & Miura, 
1995), rose cell-suspension cultures (Auh & Murphy, 1995) and bean hypocotyls 
(Van Gestelen et al., 1998) which had been treated with a fungal elicitor. 
The cell wall peroxidase system again involves the binding of an elicitor 
molecule to a receptor on the plasma membrane, which leads to the activation of ion 
channels. Movement of ions through these channels (K and Cl - into the cytosol, H 
and Ca 2+ out of the cytosol) causes a temporary increase in the pH of the cell wall, as 
found in tobacco cell-suspension cultures exposed to a bacterial elicitor (Keppler et 
al., 1989), which in turn may activate cell wall peroxidases. The peroxidase also 
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requires a reductant to generate H202—one possible candidate is NADPH (Vreeburg 
& Fry, 2005). These peroxidases are thought to cause the generation of H 202 from 
02. 
As well as production in response to elicitation, plants also produce H 202 in 
significant amounts as a matter of course (Bolwell et al., 2001). This H202 is 
available for use in the cell wall where it is used as a substrate for the oxidative 
coupling of polymer-esterified phenolics and also tyrosine residues of cell wall 
proteins. Indeed the mechanism for normal, non-stressed production of H20 2 may be 
in part similar to that of the oxidative burst as an increase in peroxidase activity prior 
to growth cessation in young maize leaves has been recorded (de Souza & 
MacAdam, 2001). This increase in peroxidase activity may be involved in the 
production of H202  which may be used to decrease cell growth via the oxidative 
coupling of polymer-esterified phenolics and also tyrosine residues of cell wall 
proteins. 
1.8 Inter- or intra-polymeric linkages 
1.8.1 Evidence to date 
Diferulate linkages have long been known to exist in vivo (Markwalker & 
Neukom, 1976; Ishii, 1991). However, there is still no unequivocal proof whether 
this type of group is able to form a cross-link between two independent 
polysaccharide chains (intermolecular linkage) or a linkage between different parts 
of the same polysaccharide (intramolecular linkage). 
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Ishii isolated a diferulate group, both ends of which were esterified to a 
trisaccharide portion of an arabinoxylan. He was not, however, able to determine if 
the diferulate linkage within the di-(feruloyl-trisaccharide) he isolated from bamboo 
cell walls was intermolecular or intramolecular (Fig. 1.8). Furthermore, this research 
does not prove the existence of a polysaccharide—polysaccharide cross-link, only a 
trisaccharide—trisaccharjde one. Indeed, Ishii himself notes that "it is impossible to 
distinguish these diferuloyl arabinoxylan oligosaccharides derived from 
intermolecular cross-linkages from those associated with a single polysaccharide 
chain". There therefore should be a careful distinction in the language used to 
describe the role of diferulate groups within the cell wall. The term 'cross-link' 
should only be used to describe an intermolecular linkage (Fig. 1.8, B) if the nature 
of the diferulate groups is unknown, then the general term 'linkage' is more 
appropriate. 
Many researchers (Ralph et al., 1994; Saulnier et al., 1999; Renger & 
Steinhart, 2000; Bunzel et al., 2003, 2004; Ralet et al., 2005) do not make this 
distinction and furthermore some quote the discovery of the di-(feruloyl-
trisaccharide) by Ishii as proof of the existence of an intramolecular diferuloyl cross- 
link. 
Since 1991, when Ishii first isolated the di-(feruloyl-trisaccharide), there have 
been two other diferulate groups isolated where both carboxy-groups were esterified 
to sugars (Saulnier et al., 1999). The two molecules, Ara-Fer-Fer-Ara and Ara-Fer-
Fer-Ara-Xyl, like the di-(feruloyl-tnsaccharjcje), prove the esterifiation of both 
carboxy groups of the diferulate to a sugar. Again, however, they do not provide any 




Figure 1.8. A: Di-(feruloyl-trisaccharide) and potential cross-link isolated by Ishii 
(1991). However, there is as yet no evidence to show whether this linkage is 
intermolecular (B) or intramolecular (C). 
Molecular modelling of ferulate dimers (Hatfield & Ralph. 1999) led some 
researchers to conclude that the ability to form an intramolecular diferuloyl linkage 
was unique to the 5-5' dimer (Ralph el al., 2004). This research stated that if 
feruloylated arabinose residues were separated by two xylose residues on a chain. 
then the only ferulate dimer that would be able to form an intramolecular linkage was 
the 5-5' dimer. 
This is based upon molecular modelling experiments from which it was 
concluded that only 5-5'-coupled dehydrodiferulates could form stable 
intramolecular cross-links, especially once the arabinoxylan chain had been 
incorporated into the cell wall (Hatfield & Ralph. 1999). Therefore, if only 5-5-
coupled dehydroditrulates can form intramolecular cross-links, then the 
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identification of any other kind of dehydrodiferulate linkage should be evidence for 
intermolecular coupling. 
The molecular modelling program used a xylan chain that was only 16 
residues long and suggested that xylan chains were too inflexible to bend sufficiently 
to form intramolecular linkages. However, the molecular weight of newly 
synthesised xylans can be up to 106  and this equates to a length of 2-3 gm (Kerr & 
Fry, 2003). As this is longer than the diameter of a Golgi vesicle, the xylan chain 
must be folded during its journey to the cell wall. Also, it has been shown that in 
young cells the majority of diferulate formation occurs intraprotoplasmically before 
the polysaccharide has been incorporated into the wall (Fry, 2004). Recent 
radiolabelling experiments have shown that diferulate groups other than 5-5- linked 
may be synthesised intraprotoplasmically (potentially 8-5- and 8-0-4-linked 
diferulates) (Fry et al., 2000). 
These two pieces of evidence taken together suggest that intramolecular 
diferuloyl-linkages have the opportunity to form within the Golgi vesicle while the 
xylan chain is folded for transport and that a variety of diferulate linkages may be 
formed, not just the 5-5-linkage. This means that it cannot be assumed that the 
isolation of a diferuloyl linkage other than the 5-5-linkage is evidence of an 
intermolecular cross-link. 
Feruloylated polysaccharides have been suggested to play a role in the 
aggregation of cells in suspension cultures of rice (Kato et al., 1994). Removal of 
feruloyl esters with alkali or treatment of cells with carboxylesterases caused cell 
clumps to become smaller. This may suggest that polysaccharides from different 
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cells are cross-linked by the formation of diferulate groups, but again the linkage was 
not definitively shown to exist. 
In conclusion, there are many pieces of research which suggest the existence of 
an intermolecular diferulate linkage, but there has been no unequivocal proof as yet. 
1.9 Other phenolics 
1.9.1 Tyrosine 
Structural proteins within the cell wall are grouped into five classes and of 
these classes most information is known about the extensins (Showalter, 1993). 




Tyrosine 	 Isodityrosine 
Figure 1.9 Structure of tyrosine and isodityrosine. R = CH2—CHNH2—CO 2H. 
In the same way that two molecules of ferulic acid can form diferulic acid, 
two molecules of tyrosine are able to oxidatively couple to form a tyrosine dimer 
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molecule called isodityrosine (Fry, 1982b). This dimer of two tyrosine molecules, 
which are linked by a diphenyl ether linkage, has been shown to form a short 
intramolecular linkage in extensin (Y2Idt– (Tyr or Lys)– '/2Idt) (Epstein & Lamport, 
1984). At present there is no direct evidence for the existence of an intermolecular 
isodityrosine cross-link. 
There are two main modes of secretion of proteins into the cell wall—
controlled secretion as part of a developmental event or secretion in response to 
wounding, infection or elicitation (Otte & Barz, 1996). Proteins are secreted into the 
cell wall where they become insoluble over time. The mechanism of this protein 
insolubilisation has been studied in relation to the plant response to pathogenic attack 
as an increase in extensin intermolecular cross-linking would increase the wall 
impenetrability, preventing further intrusion by a potential pathogen. 
In cell walls which have been compromised, either by wounding or 
pathogenic attack, cell wall proteins rapidly become insoluble. This insolubilisation 
was suggested to be caused by 11202-induced oxidative coupling as treatment of cell 
wall proteins which had a high tyrosine content caused the disappearance of a 33-
kDa protein (Bradley et al., 1992; Otte & Barz, 1996). This disappearance was 
inhibited by the addition of catalase or ascorbate, which would remove H20 2 from 
the apoplast. This would suggest that the 33-kDa protein may have been oxidatively 
coupled via its tyrosine residues to form an extensin network. Within the wall this 
network would impede the passage of pathogen though the cell wall. It should be 
pointed out, however, that this evidence does not provide direct evidence of an 
intermolecular tyrosine–tyrosine linkage. It is possible that the insolubilisation of the 
protein may have been caused by intramolecular isodityrosine loops, but they would 
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have to be larger loops than the '/2Idt— (Tyr or Lys)— Y2Idt loops (Epstein & Lamport, 
1984). 
Trimers and tetramers of tyrosine have been detected (Fig. 1.10) (Brady et 
al., 1996; Brady et al., 1998). Puicherosine, a trimer of tyrosine, has been isolated 
from the cell walls of tomato cell-suspension cultures. In vivo, it is likely that 
pulcherosine is unable to form only a tight intramolecular linkage where the three 
required tyrosine residues are located very close together on a polypeptide chain. 
Neither is it likely that a looser intramolecular loop, where the three required tyrosine 
residues are separated by short blocks of amino acids, as the intervening blocks are 
usually hydroxylated or arabinosylated making the required structural conformations 
unlikely. The required structural conformation required to form puicherosine would 
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Figure 1.10. Structure of puicherosine, a trimer of tyrosine and di-isodityrosine, a 
tetramer of tyrosine. R = CH2—CJ-1NH 2--CO2FJ. 
Di-isodityrosine is a tetramer of tyrosine which is formed either through the 
coupling of two isodityrosine molecules of the addition or two individual tyrosine 
molecules to isodityrosine (Brady et al., 1996). The discovery of pulcherosine may 
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point to the stepwise addition of single tyrosine residues. It is suggested that, due to 
structural constraints, it is unlikely that di-isodityrosine could form the tight 
intramolecular loop in the way that isodityrosine can. 
In both cases, pulcherosine and di-isodityrosine, there are two further 
potential structures: a much wider intramolecular loop than isodityrosine forms or an 
intermolecular cross-link that may link up to three polypeptides (one containing 
isodityrosine and two others in which a tyrosine residue is oxidatively coupled to the 
original isodityrosine molecule) (Brady et al., 1996). If this is the case then these 
molecules may play a role in the insolubility of cell wall proteins. 
1.9.2 Lignin 
Lignin is derived from three monolignols, p-coumaryl alcohol, coniferyl 
alcohol and sinapyl alcohol (Fig 1.2). Traditionally it has been thought that lignin 
forms from the random polymerisation of monolignol phenoxy radicals which have 
been formed from peroxidases or laccases (Boudet, 1998). However, the discovery 
of dirigent proteins (Section 1.7.3.) suggested that the formation process may be 
much more ordered than previously thought. This would explain why between 50 
and 70% of the linkages within lignin are 8-0-4' linkages (Davin & Lewis, 2000). 
Lignification in the primary cell wall may begin with ferulate groups acting 
as a nucleation site (Ralph et al., 1995; Grabber et al., 2002). In studies in which 
coniferyl alcohol was added to maize cell wall preparations it was found that 95% of 
the coniferyl alcohol was incorporated into that wall and the vast majority was 
incorporated through coupling with ferulate or diferulate groups which were 
esterified to arabinoxylan (Grabber et al., 2002). Coniferyl alcohol—ferulate, sinapyl 
alcohol—ferulate and p-coumaryl—ferulate cross-products have all been isolated 
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(Bunzel et al., 2004; Jacquet etal., 1995). This would suggest the existence of a 
polysaccharide—lignin cross-link mediated by ferulate. Ferulate groups which are 
both esterified and etherified have been found (Lam et al., 1992). This group 
confirms that ferulate groups can be estenfied to polysaccharides at the same time as 
being etherified to lignin. However, a ferulate group linked to both a lignin 
monomer and a monosaccharide has yet to be isolated. 
Another potential process through which ferulate groups can become attached 
to lignin is through free radicals called quinone methides. Quinone methides can be 
formed from hydroxycinnamyl alcohols or lignin monomers and ferulate can become 
nucleophilically attached to the quinone methide (Ralph et al., 1995). However, this 
process requires a hydrophobic environment which is usually only found in highly 
lignified cell walls and not primary cell walls at the start of lignification (Syrjanen & 
Brunow, 2001; Grabber etal., 2002). 
1.10 Role of phenolics in the cell wall 
1.10.1 	Cessation of growth 
It has long been suggested that the formation of diferulate linkages plays a role 
in the control of cell wall extensibility (Fry, 1979). A more recent study (MacAdam 
and Grabber, 2002) has reinforced this hypothesis as it has shown that an increase in 
ferulate dimerisation correlates with a decrease in the growth rate of wheat leaves as 
they move out the elongation zone. The cell walls of rice and oat have been shown 
to be less extensible when they have high amounts of diferulic acid (Tan et al., 1991; 
Hatfield, 1993). 
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Cells grow when they are within the elongation zone which occurs adjacent 
to the meristem. As cells move out of the elongation zone, the rate of elongation 
decreases and eventually stops. One of the mechanisms through which the 
elongation rate decreases is the accumulation of diferulate groups which have the 
potential to form cross-links between polysaccharides (Kamisaka et al., 1990; Tan et 
al., 1991; MacAdam & Grabber, 2002). The cross-linking of polysaccharides would 
severely reduce the expansion of the cell wall and thus growth would be stopped. 
A transient increase in peroxidase activity has been recorded just prior to a 
decrease in the rate of elongation in maize leaf blades (de Souza & MacAdam, 
2001). This increase in peroxidase activity is likely to account for the increased 
amount of diferulate measured in cell walls leaving the elongation zone. 
1.10.2 	Protection against fungal attack 
There have been several investigations that suggest a role for diferulates in 
the cell wall in providing protection against fungal attack (Assabgui etal., 1993; Bily 
et al., 2003; Shetty et al., 2003). In preliminary studies it was found that the addition 
of phenolic acids into the culture medium of fungal cultures inhibited the growth and 
reproduction of a variety of fungal genera (Assabgui et al., 1993). These results led 
to the examination of in vivo phenolic acids to find out whether there was a link 
between levels of phenolic acids and resistance to fungal attack. 
Maize lines which were resistant to Fusarium graminearum, a fungus which causes 
gibberella corn ear rot, were found to have significantly higher levels of ferulic and 
diferulic acid in their cell walls than those lines which were susceptible to infection. 
Diferulic acid esters are thought to confer resistance through stabilisation of the cell 
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wall which would hinder the progression of fungal mycelium deeper into the maize 
grain (Bily et al., 2003). The presence of diferulate groups also hinders the 
effectiveness of fungal carbohydrases (Grabber etal., 1998). 
Fungal attack has been shown to cause an accumulation of H202 in the tissue 
surrounding the point of infection (Shetty et al., 2003). This oxidative burst is likely 
to be the source of H 202  required for the oxidative coupling of ferulate. 
Fungi secrete esterases which can break the ester linkages which bind the 
ferulic and diferulic acids to the polysaccharide. However, this causes the generation 
of free phenolic acids, which have been shown to inhibit fungal growth in vitro. 
1.10.3 	Digestibility and texture of food 
The texture of food stuffs when eaten is greatly dependent on how the cell wall 
breaks down and releases cellular contents (Waldron et al., 1997a). Ferulic acid 
dimers are thought to play a role in thermal stability of food through the maintenance 
of cell—cell adhesion in a variety of species including Chinese water chestnuts and 
beetroot (Waldron et al., 1997a). In these species, diferulic acid may help to 
maintain crispness after cooking. The strong cell—cell adhesion causes cells to burst 
open when eaten, which causes the release of cellular contents. In contrast, cooked 
potatoes have weaker cell—cell bonds and so when they are eaten the cell walls do not 
rupture. Instead the cells stay intact, the cellular contents are not released and so the 
tissue has a mealy texture (Waldron et al., 1997a). This difference was suggested to 
be caused by the amount of diferulic acid within the cell wall and would depend on 
the existence of an intermolecular diferuloyl linkage. 
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1.11 Conclusion 
The role of ferulic acid and its coupling to form diferulic acid in the cell wall is 
a varied one. It plays a structural role in strengthening the cell wall, helps to slow 
down cell growth and protects cells against fungal attack. 
Although ferulic acid and diferulic acid have been studied for many years, 
there are still fundamental areas in which the research has not been able to provide 
answers. For example, the process through which ferulic acid becomes attached to 
polysaccharides is still unclear. The likely route of attachment is via donor feruloyl-
CoA however, this compound is yet to be detected in vivo. Likewise, the existence 
of an intermolecular diferuloyl linkage has yet to be confirmed. 
With so many unanswered questions, the area of cell wall research 
concerning ferulic and diferulic acid is an interesting one. 
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1.12Aim of investigation 
The existence of diferulate linkages in vivo has long been known (Markwalder 
& Neukom, 1976; Ishii, 1991). However, there is no convincing evidence that 
definitively describes the type of linkage that diferulate groups can form. There are 
two possible structural conformations: a linkage between different parts of the same 
polysaccharide (intramolecular linkage) or a cross-link between two independent 
polysaccharide chains (intermolecular linkage). During the tenure of this project I 
aim to develop and test a method that will allow the existence of an intermolecular 
diferuloyl linkage to be examined. 
Previous investigations whose aim has been to show the existence of an 
intermolecular diferuloyl linkage have attempted to do so by isolation of cell wall 
fragments (Ishii, 1991; Saulnier et al., 1999). However, these attempts fell short as it 
was impossible to trace the origins of the sugars to which diferulate groups were 
esterified. This meant that it was impossible to tell whether these sugars were from 
the same polysaccharide, suggesting an intramolecular linkages, or from two 
different polysaccharides, suggesting an intermolecular linkage. 
The incorporation of a label into the cell wall would allow the origin of sugars 
and phenolics to be traced as any molecules containing the label would be known to 
be synthesised after addition of the label. This allows the concept of 'old' and 'new' 
polysaccharides to be introduced. I aim to isolate cell wall fragments and through 
analysis of these fragments, test for the existence of a diferulate linkage which joins 
'old' and 'new' polysaccharides. If found, this linkage will prove the existence of an 
intermolecular linkage as the sugars to which the diferulate groups are esterified are 
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derived from polysaccharides which were synthesised at different times—before and 
after the addition of a suitable label. 
This experimental concept will require several preliminary experiments to be 
carried out to devise a suitable protocol. These experiments will include: the 
identification of a suitable cell-suspension culture that will take up from the medium 
and incorporate into cell walls a label; maximisation of the likelihood of coupling 
between unlabelled (old) and labelled (new) polysaccharides; isolation of fragments 
from the cell wall which will provide information about the nature of the diferulate 
linkages. 
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2 Materials and methods 
2.1 Materials 
2.1.1 Chemicals 
All chemicals were purchased from Sigma-Aldrich (Poole, United Kingdom), 
Fisher Chemicals (Loughborough, United Kingdom) or BDH AnalaR Chemicals Ltd. 
(Poole, United Kingdom) unless otherwise stated. [U- 14C]Phenylalanine and [U-
14C]glucose were purchased from Amersham Pharmacia Biotech UK Ltd. All water 
used was deionised. 
2.2 Tissue culture 
2.2.1 Culture medium 
All weights are given per litre for culture medium preparation. After division 
of the media stock into the appropriate volumes and conical flask size, all flasks were 
stoppered with a foam bung, covered with a double layer of aluminium foil and 
autoclaved at 120°C for 15 minutes. 
Maize and barley cell-suspension culture medium was prepared with 4.7 g 
Murashige and Skoog (Sigma cat. no. M5519) basal medium, 20 g sucrose or 
glucose and 2 mg 2,4-D made up to 1 L with distilled water. The pH was adjusted to 
5.6-5.8 (1 M NaOH). Each 1-L batch was split between five 500-ml conical flasks. 
Spinach cell-suspension culture medium contained 4.4 g Murashige and Skoog 
(Sigma cat. no. M5524) basal salt medium and 10 g glucose. The pH was adjusted to 
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4.4 and autoclaved as above. Stock medium was divided between conical flasks as 
described previously. 
Arabidopsis cell-suspension culture medium was prepared as described by 
May and Lever (1993). Medium was split between conical flasks as described 
previously. 
Tomato cell-suspension culture medium contained 4.33 g Murashige and 
Skoog (Sigma cat, no. M5524) basal salt medium, 20 g sucrose, 10 mg indole acetic 
acid, 0.5 mg kinetin, 0.5 mg nicotinic acid, 0.5 mg pyridoxine (HC1), 0.1 mg 
thiamine (HC1), 2 mg glycine and 100 mg myo-inositol. The pH was adjusted to 5.7-
5.8. Medium was divided between 250-ml conical flasks, with 50 ml being added to 
each. 
Acer cell-suspension culture medium contained 750 mg KC1, 250 mg 
Mg504 .7H20, 600 mg NaNO3, 130 mg NaH2PO4, 74 mg CaC12.2H20, 1 mg 
ZnSO4 .7H20, 1 mg H3B03 , 0.1 mg MnSO4 .4H20, 0.03 mg CuSO4.5H20, 0.01 mg 
KI, 1.5 mg NaFe(EDTA) 2 , 1.0 mg thiamine (HC1), 2.5 mg calcium pantothenate, 0.5 
mg choline chloride, 1 mg 2,4-D, 10 mg L-cysteine (HC1) and 20 g glucose. Medium 
was split between conical flasks as with tomato. 
Rose cell-suspension culture medium contained the following: 74 mg 
CaCl2.2H20, 140 mg KH2PO4 , 750 mg KC1, 850 mg NaNO 3 , 250 mg MgSO4.7H20, 
1 mg MnSO4 .4H20, 0.2 mg H3B03 , 0.5 mg ZnSO4.7H20, 0.1 mg KI, 0.02 mg 
CuSO4.5H20, 0.01 mg CoC12.6H 20, 0.02 mg Na2MoO4.2H20, 5.4 mg FeC1 3 .6H20, 
7.4 mg NaEDTA.21120, 1.0 mg 2,4-D, 0.5 mg kinetin and 20 g glucose. The pH was 
adjusted to 6.0. Medium was divided between conical flasks as with tomato. 
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2.2.2 Maintenance of cultures 
Maize, barley, rose and spinach cell-suspension cultures were subcultured 
aseptically fortnightly. Excess spent medium was discarded and the remaining cells 
were divided between two flasks of fresh medium. Arabidopsis was subcultured as 
above, except weekly. Acer and tomato were subcultures every three weeks using 
the method described above. 
2.3 Bulk preparation of alcohol-insoluble residue 
Cells were separated from medium by filtration through a double layer of 
muslin. Excess medium was removed by gentle squeezing of the cells. The cells 
were weighed and the appropriate volumes of ethanol (EtOH) and H20 were added 
to prepare 200 ml 70% EtOH, as the cells were assumed to contain 100% H 20. The 
suspension was then mixed on a magnetic stirrer for 4 h to remove lOW-M, 
compounds from the cells. Alcohol-insoluble residue (AIR) was collected by 
filtration of the suspension through Miracloth. The collected residue was then 
washed twice with 50 ml 70% EtOH and twice with 50 ml 100% acetone. AIR was 
allowed to air-dry and was stored in tightly sealed bottles to avoid water-regain. 
2.4 Extraction of polymer-esterified phenolic compounds 
AIR (no more than 50 mg AIR) was incubated in the dark with 2 ml 0.1 M 
NaOH for 16-18 h to saponify ester bonds. The reaction mixture was then acidified 
by the addition of 0.5 ml 2 M trifluoroacetic acid (TFA). The solution was 
partitioned twice against 2 ml ethyl acetate (EtOAc) unless otherwise stated. After 
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the addition of the EtOAC the samples were thoroughly mixed then centrifuged 
(3500 g, 10 mm) to aid the separation of the aqueous and organic (EtOAc) phases 
into two layers. The organic (top) layer, which contained the saponification 
products, was removed, combined and dried in vacuo. The samples were redissolved 
in 25 jtl propan-1-ol (PrOH) and stored at —20°C. 
2.5 Chromatography 
2.5.1 Paper chromatography 
Paper chromatography was carried out on Whatman 3MM or Whatman No I 
paper. The samples were loaded as spots or streaks 9 cm from one of the short paper 
edges. The samples were usually loaded in the centre of the paper chromatogram 
flanked on each side by a series of suitable external markers. Before the paper 
chromatogram was hung in the chromatography tank all samples were left to air dry 
thoroughly. 
Solvents used were butan-1-oI/acetic acid/water (12:3:5, by vol.; BAW), 
butan- 1 -ol/ethanol/water (20:5:11, by vol.; BEW) or ethyl acetate/pyridine/water 
(8:2:1, by vol.; EPW) by the descending method for 15, 18 or 40 h, depending on the 
paper and the solvent used. 
When EPW was used to separate samples, the end of the paper chromatogram 
was serrated to ensure that the solvent dripped of the end evenly. 
2.5.2 Thin-layer chromatography 
Thin-layer chromatography (TLC) was carried out on 20 x  20 cm plastic-
backed silica-gel plates with a fluorescent indicator (254 nm, Merck or Machery-
Nagel). Samples were loaded onto the TLC as spots or streaks 2 cm from the TLC 
edge. The samples were usually loaded in the centre of the TLC with a series of 
suitable markers on either side. All samples were left to air dry thoroughly before 
being placed in the chromatography tank. 
The following solvent systems were used: benzene/acetic acid (9:1, by vol.; 
BzA) toluene/ethyl acetate/acetic acid (7:2:1, by vol.; TEA), toluene/acetic acid (9:1, 
by vol.; TA), toluene/acetic acid/methanol (9:1:2, by vol.; TAM) and 1,4-
dioxanlacetic acid (9:1, by vol.; DA) or BAW (4:1:1, by vol.). During development, 
TLC plates were exposed to long wave (366 nm) UV to keep hydroxycinnamates as 
a rapidly interconverting single spot of cis/trans isomers. All TLCs were run for 2.5 
h or until the solvent front was 2 cm from the end of the TLC plate. 
2.5.3 High-pressure liquid chromatography 
High-pressure liquid chromatography (HPLC) was used to separate phenolic 
compounds after their saponification from the cell wall. Dionex HPLC with a 
Phenomenex Luna C18 column (250 x  4.6 mm, 5 p.m particle size) was used to 
separate the phenolics which were then detected with a photo diode array detector. 
Separation was carried out with a column temperature of 35°C. The injection 
volume of each sample onto the column was 40 p.1. Before the samples were injected 
into the HPLC for analysis they were filtered (Chromacol syringe filters, nylon 
membrane, pore size 0.2 p.m). The method used for HPLC was adapted from 
Waldron et al. (1996) and Phenomenex methods. 
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Solvents (HPLC grade where possible) used were A = H20, B = 50% MeOH, 
C = 100% MeOH and D = 5% acetic acid. Gradients were linear between specified 
timepoints: t = 0 mm, A = 15%, B = 40%, C = 5% and D = 30%; t = 15.4 mm, A = 
3.6%, B = 68%, C = 4% and D = 24.4%; t = 37 mm, A = 2%, B = 2%, C = 94% and 
D=2%;t=39 min, A=15%,B=40%,C=5% and D=30% The flow rate of 
eluents was always 1 ml/min and all eluents were degassed with helium, which 
replaces gases in the liquid and has a low solublitity, before use. Using this method 
each sample took 40 min to run through the HPLC. 
2.6 Detection of compounds of interest 
2.6.1 Phenolic compounds 
Non-radioactive phenolic compounds and markers were detected on TLC 
plates as dark spots under short wave (254 nm) UV. On paper chromatograms 
phenolic compounds were detected by exposure of the sheets to ammonia (NH 3 ) 
vapour whilst illuminating with long wave (366 nm) UV. Spots that contain 
phenolic compounds appear as bright regions on a darker background. The colour of 
the fluorescence can be useful in the identification of the phenolic compound (Table 
2.1, Fry, 1988). 
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Table 2.1. Fluorescence of phenolics under long wave (366 nm) UV. 
Compound Fluorescence Fluorescence with 	NH3 
vapour 
Ferulic acid Blue Brighter blue 
Feruloyl esters Blue Brighter blue-green 
p-Coumaric acid Invisible Violet 
p-coumaroyl esters Invisible Blue 
Caffeic acid Blue Light blue 
Sinapic acid Blue Blue-green 
p-Hyrobenzoic acid invisible Invisible 
2.6.2 Radioactive material 
Aqueous samples were assayed for radioactivity with a 1:10 ratio (v/v) of 
aqueous sample to 'OptiPhase Hisafe' scintillation fluid (Fisher Chemicals). 
Portions of chromatography paper and other dry sample materials were wetted with a 
minimal volume of 'OptiScint HiSafe' scintillation fluid. These samples were then 
assayed for radioactive content in a scintillation counter (Beckman LS 6500). The 
positions of radiolabelled compounds on TLC sheets and electrophoretogranis were 
detected by autoradiography with Kodak BioMax MR-i film. Exposure times 
ranged from several hours to 4 weeks. 
2.7 Nitrogen as a preservative of phenolic compounds 
Samples (30 mg) of 3-d-old maize AIR were prepared for the extraction of 
polymer-esterified phenolic compounds. The exogenous caffeic acid (10 jig) was 
added to two of the four AIR sample in the 2 ml 0.1 M NaOH. The other two 
samples of AIR had 2 ml 0.1 M NaOH that did not contain any caffeic acid added. 
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Nitrogen was then blown into two of the tubes, one with caffeic acid and one 
without, before they were tightly sealed with a screw cap. These conditions are 
summarised in Table 2.2. After these conditions had been set up the extraction of 
polymer-esterified phenolic compounds proceeded as normal. The extracted 
phenolics were analysed by TLC in BzA. 
Table 2.2. Experimental conditions used to test nitrogen as a preservative of 
phenolic compounds. 
Test Caffeic acid N2 
1 
2 __ 
3 x / 
4 x x 
2.8 Preparation of [14C]cinnamic acid 
[ 14C]Cinnamic acid was prepared from L- [U-'4C]phenylalanine (17 TBq/mol). 
L- [U-'4C]Phenylalanine (3.7 MBq) was incubated with 0.5 U phenylalanine 
ammonia-lyase (PAL) in 4 ml of 100 mM tris-acetate (pH 8.7) and 3 mM 
mercaptoethanol at room temperature for 1 h. The incubation mixture was acidified 
with 0.5 ml 2 M TFA, partitioned against diethyl ether, dried, redissolved at 1 
MBq/ml in acetone and stored in lOO-tl aliquots at —20°C. 
2.9 Preparation of cell-suspension cultures for radiolabel 
feeding 
Cultures to which radiolabel was to be fed were strained through a single layer 
of muslin to remove large cell clumps. The filtrate, containing a suspension of fine-
cell clumps, was used to prepare a 10% settled cell-volume (SCV) cell-suspension 
culture of the required volume. After transfer to the experimental vessel, cultures 
were left to adjust to their new environment-25°C, moderate light and shaking at 
120 rpm—for 1 h. Radioactivity was then fed to the culture as a single dose. 
2.10 Fate of [14C] cinnamic acid fed to cell-suspension cultures 
A simplified overview of this method is shown in Fig. 2.1. Maize, barley, 
spinach and Arabidopsis cell-suspension cultures (2-d-old) were prepared for 
radiolabel feeding. 
[' 4C]Cinnamic acid (10 kBq), dissolved in 2.5 ml 23.5 xM 
cinnamic acid, was fed to each 10-ml culture (final cinnamic acid concentration of 
4.7 jtM). At each time point, a sample (300 il) of culture (cells + medium) was 
removed. Cell-free medium (CFM) was collected by filtration of the sample through 
a nylon filter which allowed the passage of the medium, but not the cells. Cells 
trapped on the nylon filter were washed in a further 300 jti cell-free spent medium 
followed by 500 p.1 75% EtOH, in which they were left to stand overnight. The 
alcohol-soluble fraction (ASF) was collected and adjusted back to 500 p.1 as some 
EtOH was lost overnight by evaporation. Finally, the AIR was washed in 100% 
acetone and left to air dry and the AIR was retained. 
Portions (100 p.1) of CFM and ASF were assayed for total radioactive content 
by liquid scintillation counting. Further portions (100 p.1) of the CFM and ASF, with 
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500 Vg cinnamic acid internal marker, were streaked onto Whatman 3MM paper and 
were analysed by paper chromatography (BAW, 18h). The locations of any 
[14C] 
cinnamic acid derivatives were located by the cutting of the paper 
chromatograms into 4-cm strips between the origin and cinnamic acid internal 
marker and assaying the strips for radioactivity after the addition of 2 ml OptiScint 
scintillation fluid. AIR was assayed for radioactivity after the addition of 1 ml 
OptiScint scintillation fluid. 
Prep cell-suspension 
culture (10 ml) for 
radiolabel feeding 
Feed 10 kBq 
(14Cjcinnamic 
acid 
Remove sample of cells 
+ medium (300 p1) at 
each timponint nvpr 8 h 
Collect CFM 
by filtration 
Assay portion by 
scintillation 
counting 
Analyse portion by 
paper chromatography 
I Wash cells 
in EtOH 
Wash cells] Assay portion by 
scintillation in acetone 	
counting 
Prepare AIR 	 Analyse portion by 
paper chromatography 
Assay AIR by 
scintillation 
counting 
Figure 2.1. Overview of method used to follow the fate of [ 14C]cinnamic acid fed to 
cell-suspension cultures. The precise details of the method are contained in the text. 
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2.11 Identification 	of 	an 	age 	of 	culture 	where 
intraprotoplasmic feruloyl coupling is minimal 
The timing of feruloyl coupling after [14C] cinnamic acid feeding was 
investigated over an 8-hour period, at the end of which the effect of exogenous H20 2 
on feruloyl coupling was also monitored. Cell-suspension cultures (4 d and 7 d old) 
were prepared for radiolabel feeding. A single culture (400 tl) was prepared for 
each timepoint. An overview of the method is shown in Fig 2.2. 
Prep cell-suspension 
culture for radiolabel 
feeding (13 x  400 p1) 
I kBq [14C]cinnamic 
acid fed to each sample 
Incubation I 
Addition of 2 ml 
80% EtOH mix to 
one sample per 
timepoint over 8 h 
After 8 h addition 
of H202 to 1 MM 
Addition of 2 ml 
80% EtOH mix to 
one sample over 
ASF 
removed 
I TLC ofASF I 
Detect radioactivity 
on TLC by 
autoradiography 




TLC of extracted 
material 
Detect radioactivity 
on TLC by 
autoradiography 
Figure 2.2. 	Overview of method used to identify cultures in which 
intraprotoplasmic coupling of exogenously supplied [ C]cinnamic acid was 
minimal. The precise details of the method are contained in the text. 
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[' 4C]Cinnamic acid (1 kBq/culture) was fed to each culture as a single dose 
dissolved in 50 il H20. At the appropriate timepoint each culture was treated with 2 
ml 80% EtOH containing 5% formic acid and 1 mM mercaptoethanol. After 
treatment the cultures were left on a rotating wheel for at least 1 h to ensure thorough 
mixing. 
After the initial 8-h incubation, three additional cultures had H20 2, to a final 
concentration of 1 mM, added as a 10-il dose. These incubations were stopped after 
1, 10 and 60 min with the addition of the EtOH mixture, as described above. 
All samples were transferred into centrifuge tubes, in which the AIR was 
separated from the ASF (3500 g, 10 mm). The ASF, which contains intra-and 
extracellular low Mr  molecules, was removed and a portion (100 jil) was assayed for 
radioactivity by liquid scintillation counting. The remainder of the ASF was dried 
down in vacuo, redissolved in 50 t1 70% EtOH and stored at —20°C. Portions of this 
ASF solution (5 jil) were analysed by TLC in BzA or BAW (4:1:1). Positions of 
' 4C-derivatives in the ASF were detected by autoradiography for 2 weeks. 
AIR was washed in 500 jtl 100% acetone and allowed to air dry. Once dry, the 
polymer-esterified 14C-derivatives were extracted by saponification of the AIR 
(section 2.4). After partitioning, a portion (50 jil) of the EtOAc phase was assayed 
for radioactivity by liquid scintillation counting. The remainder of the EtOAc phase 
was dried down in vacuo, redissolved in 25 jil PrOH and stored at —20°C. 
Portions of the formerly polymer-esterified 
' 4C-derivatives (5 iil) were 
analysed by TLC in BzA or TEA with the radioactive metabolites being detected by 
autoradiography of the TLC plates for 2 weeks. 
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An aliquot (50 p.!) of the aqueous phase remaining from the partitioning against 
EtOAc was assayed by liquid scintillation counting. 
Alkali-resistant material remaining insoluble after saponification of the AIR 
was assayed for radioactive content after washing >< 3 with 1 ml 0.1 M NaOH and 
I with 2 ml H20. Portions of each wash were assayed for radioactive content. After 
the removal of the final wash the alkali resistant material was transferred into 
scintillation vials. Once the acetone had completely dried, 2 ml 'OptiScint HiSafe' 
was added to the alkali-resistant material and the samples were assayed for 
radioactivity by scintillation counting. 
2.12 Inhibition of diferulate formation in cell-suspension 
cultures 
Maize cell-suspension cultures (7 d old) were prepared for radiolabel feeding 
as described in Section 2.9, except aseptically. The cultures (2.4 ml) were prepared 
in flat-bottom plastic screw-top pots (diameter = 3.5 cm). Immediately after their 
preparation, a peroxidase inhibitor (KI, Nal, dithiothreitol, cysteine or iso-ascorbic 
acid) was added to a final concentration of 5 or 20 mM. Prior to their addition, the 
peroxidase inhibitor stock solutions were filter-sterilised (Sartorius single-use sterile 
filter unit, 0.2 jim) to ensure culture asepsis. The culture was then allowed to 
acclimatise for I h before feeding of radioactivity. An overview of this method is 





Add inhibitor and 
incubate for  h 






Sample cells 	Wash remainder of 
+ medium culture free of inhibitor 
Resuspend in 
fresh medium 
[ Add H20 (10 Ii) 	Add H202 (10 hI; 
1mM final conc) 
1hI8h 	4, 	4, 
sample ILsample 	I h I h 





TLC of extracted 
material 
Detect radioactivity 
on TLC by 
autoradiography 
Figure 2.3. Overview of method used to test the effectiveness of potential inhibitors 
of [ 14C]diferulate formation. The precise details of the method are contained in the 
text. 
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Each culture was fed [ 14C]cinnamic acid (6 kBq/culture) that had previously 
been sterilised overnight in neat DMSO (14.08 M). The radiolabel was delivered as 
a single dose of 30 tl, in 1 M DMSO, which had been diluted from 14.08 M with 
sterile H20. After feeding, the cultures were left to incubate for 24 h. 
After 24 h, a sample (400 tl, cells and medium) was removed from each 
culture and transferred to a centrifuge tube. Immediately after its transfer the sample 
was washed with 15 ml 10% (w/v) formic acid containing 1 mM mercaptoethanol. 
The remainder of the culture (2 ml) was washed free of the peroxidase inhibitor by 
the addition of 30 ml fresh medium. The wash, including the original medium which 
contained the peroxidase inhibitor, was then removed leaving behind approx. 200 tl 
washed cells. A portion (1 ml) of the medium wash was assayed for radioactivity by 
liquid scintillation counting. 
The cells were resuspended in fresh medium (1.8 ml)—the pH of which had 
been matched to that of 7-d-old maize medium—to give a final settled cell volume of 
10%. This culture (2 ml) was used to prepare 4 x  400 p.l cultures in flat-bottomed 
glass vials (diameter = 0.75 cm). Two of these cultures had H20 2 added as a 10-jfl 
dose to give a final concentration of 1 mM; the remaining two cultures had 10 p.1 
H20 added. These pairs of cultures were incubated for 1 or 8 h, after which they 
were treated with the formic acid mixture as described above. 
After the initial wash in formic acid and mercaptoethanol, the formic acid-
soluble fraction (FASF) was removed and the cells were then sequentially washed in 
5 or 15 ml formic acid mixture, 70% EtOH and 100% acetone. Each washing step 
consisted of the removal of the previous washing media, addition of the fresh 
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washing media and leaving the sample to mix on a rotating wheel overnight. A 
portion (100 p1) of each wash was assayed for radioactive content by liquid 
scintillation counting. 
Polymer-esterified 14C-derivatives were extracted by saponification of the 
formic acid-insoluble residue (FAIR) (Section 2.4). After partitioning, a portion 
(100 tl) of the EtOAc phase was assayed for radioactivity by liquid scintillation 
counting. The remainder on the EtOAc phase was dried down in vacuo, redissolved 
in 25 p.1 PrOH and stored at —20°C. Portions of the formerly polymer-esterified 14C_ 
derivatives (5 p.1) were analysed by TLC in BzA with the radioactive material being 
detected by autoradiography of the TLC plates for 2 weeks. 
An aliquot (1 ml) of the aqueous phase remaining from the partitioning against 
EtOAc was analysed by liquid scintillation counting. A portion of the aqueous phase 
(1 in]) was retained and stored at —20°C. 
Alkali-resistant material remaining after the saponification of the FAIR was 
assayed for radioactivty after washing up to three times with 5 or 15 ml 0.1 M NaOH 
and once in 5 or 15 ml H20. After the removal of the final wash the alkali resistant 
material was transferred in acetone into scintillation vials. Once the alkali-resistant 
material was completely dry, 1 ml 'OptiScint HiSafe' was added before assaying of 
the sample for radioactivity by scintillation counting. 
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2.12.1 	Investigation of an alternative to H 202 for 
maximisation of ferulate coupling 
Instead of H20 2, a fungal elicitor (from Heterobasidium parviporum) was 
added to two cultures after the cells were washed free of their peroxidase inhibitor to 
try and maximise diferulate formation. The fungus, a known pathogen of Picea 
abies, was grown on 2% malt agar (2% agar) of unadjusted pH. Portions of the 
fungus were transferred to liquid culture (100 ml 2% malt extract medium) where 
they were grown for 9 d at room temperature in the dark with no shaking. The 
fungal elicitor preparation (Schwacke & Hager, 1992) contained 1 mg/ml fungal 
material in H20, of which 10 p.1 (10 p.g fungal material) was added to two 400 p.1 
cultures. As with the H202 experiment these cultures were treated with 10% formic 
acid containing 1 mM mercaptoethanol after 1 or 8 h incubation. They were then 
treated the same as H 202 samples, see above section. 
2.13 Using [13C]glucose as a carbon source to investigate the 
existence of an interpolymeric diferuloyl linkage 
The method used to fed [ 13C]glucose was an amalgamation of all the previous 
methods described so far. For ease of reading an overview of the method is provided 
in Fig 2.4. This allows the main steps of the experiment to be viewed, with the 
precise details remaining in the text. 
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Figure 2.4. Overview of the method used to isolate fragments of interest from the walls of cells which had been fed [13C]  glucose. The 
precise details of the method are contained in the text. 
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2.13.1 	[13C]feeding and incubation with diferulate formation 
inhibitor 
Maize cell-suspension cultures (7-d-old) with glucose as their carbon source 
were prepared aseptically. Cells were filtered through a single layer of muslin and 
the collected cells were thoroughly washed with carbon-free medium whose pH had 
been adjusted to that of the medium of a 7-d-old culture (pH 3.7). A 20 ml 10% 
settled cell volume cell-suspension culture was prepared from the washed cells, in a 
fresh medium that contained 0.5% [13C] glucose. A peroxidase inhibitor, NaT or KI, 
was added to the culture to a final concentration of 5 mM. Prior to their addition, the 
peroxidase inhibitor stock solutions were filter sterilised (Sartorius single use sterile 
filter unit, 0.2 l.lrn) to ensure culture asepsis. The culture was incubated for 24 h 
maintaining asepsis. 
After 24 h, a sample (4 ml, cells + medium) was removed to a centrifuge tube 
to which 15 ml 10% formic acid containing 1 mM mercaptoethanol was added. The 
sample was left overnight on a rotating wheel to ensure thorough mixing. 
The remaining culture (20 ml) was washed free of peroxidase inhibitor with 
two 30 ml washes of C-free medium. The pH of the medium used for washing was 
adjusted to that of a 7-d-old maize cell-suspension culture (PH 3.7). The washed 
cells (approx. 1.6 ml) were resuspended in 14.4 ml C-free medium to obtain a 16 ml 
10% settled cell volume cell-suspension culture to which H20 2 (100 111) was added to 
give a final concentration of 1 mM. 
Sample (4 ml, cells and medium) were removed after 1, 3 and 8 h. Each 
sample was transferred to a centrifuge tube to which 15 ml 10% formic acid 
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containing 1 mM mercaptoethanol was added. The samples were left overnight on a 
rotating wheel to ensure thorough mixing. 
Samples were centrifuged (3500 g, 10 mm) to separate the formic acid 
soluble fraction (FASF x  1) from the formic acid insoluble residue (FAIR). The 
FAIR was then sequentially washed in 15 ml formic acid containing 1 mM 
mercaptoethanol (yielding FASF x  2), 70% EtOH and 100% acetone. After the final 
washing the FAIR was allowed to air dry. The FAIR was split into three portions—
two larger portions of equal size and a single smaller portion. The two larger 
portions were then treated to either mild acid hydrolysis, to purify feruloyl-arabinose, 
feruloyl-(xylosyl)-arabmnose and arabinose, or mild alkali hydrolysis, to purify ferulic 
acid and dimers of ferulic acid. The smaller portion of FAIR was retained and stored 
at –20°C. 
2.13.2 	Separation and purification of feruloyl-arabinose, 
feruloyl-(xylosyl)-arabjnose and arabinose 
FAIR was transferred into a screw top plastic tube for mild acid hydrolysis. 
Each sample had 1 ml 0.1 M trifluoroacetic acid added (not more than 10 mg 
FAIR/ml TFA) and was heated to 85°C for 6 h. Samples were allowed to cool, after 
which they were centrifuged (13,000 g, 5 mm) to pellet any acid hydrolysis resistant 
material. The supernatant was removed and assayed at A 280 and A320 using a 
spectrophotometer (Cecil 8000 series). The material was assayed in a quartz cuvette 
to allow assaying in the UV light region of the spectrum. Each sample was loaded 
directly onto a disposable C 1 8 column (Supelco, bed volume 100 tl) in TFA. The 
eluents (1 ml of each) used in eluting material off the column are shown in Table 2.3. 
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Table 2.3. Pre-sample treatment and eluents used on C18 column. 
Eluent Fraction 
100% methanol Column activator 
H20 Pre-sample wash 1 
H20 Pre-sample wash 2 
Sample inTFA 1 
H20 2 
10% methanol 3 
20% methanol 4 
40% methanol 5 
60% methanol 6 
80% methanol 7 
100% methanol 8 
Each fraction was assayed at A 280  and A320 to locate fractions that contain 
feruloyl-arabinose, feruloyl-(xylosyl)-arabinose and arabinose. Fractions 1 and 5 
were selected for further purification—fraction 1 for arabinose purification and 
fraction 5 for feruloyl-arabinose and feruloy-(xylosyl)-arabinose purification. 
Fraction 5 was subjected to paper chromatography in BAW (12:3:5) for 18 h 
on Whatman No. 1 paper. Spots of feruloyl-arabinose (Fer-Ara), feruloyl-(xylosyl)-
arabinose (Fer(Xyl)Ara) were identified under LTV 366  whilst fuming with NH3 
(section 2.6.1). These spots were eluted from the paper with 5 x  200 tI H20 using 
the syringe barrel method. The samples were then dried down in vacuo and 
redissolved in 100 j.tl 40% MeOH. Fer-Ara and Fer(Xyl)Ara underwent a further 
round of paper chromatography in BEW for 18 h on Whatman No. 1 paper. The 
spots were located and eluted as described above. The final purification step of Fer-
Ara and Fer(Xyl)Ara was a repeat of the C 18  column chromatography as described 
above, using the same eluents (Table 2.3). Fractions from the C18 column were 
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assayed at A280 and A320  and the fractions in which Fer-Ara and Fer(Xyl)Ara eluted 
were stored at —20°C until required for mass spectroscopy. 
2.13.3 	Separation and purification of ferulic acid and dimers 
of ferulic acid 
FAIR was transferred to a centrifuge tube for mild alkali hydrolysis to release 
polymer-esterified [ 13 C]derivatives. NaOH (0.1 M, 2 ml) was added to each sample 
and was left to incubate for 18 h in the dark after which samples were acidified with 
0.5 ml 2 M TFA. Samples were then partitioned against 1 x  4 ml then 3 x  1 ml 
EtOAc. After each partitioning 0.5 ml EtOAc was left in the tube to ensure that none 
of the aqueous phase was disturbed. This method of partitioning recovers >99% of 
any saponified phenolics present in the EtOAc phase. The EtOAc phase was 
combined, dried down in vacuo and stored —20°C until required. 
HPLC (section 2.5.3) was used to separate monomeric ferulic acid from larger 
coupling products. Fractions containing ferulic acid and potential dimers of ferulic 
acid were dried down in vacuo and stored at —20°C until required for mass 
spectroscopy. 
2.14 Mass spectrometry 
All mass spectrometry was carried out by the Engineering and Physical 
Sciences Research Council (EPRSC) national mass spectrometry service centre at the 
University of Wales, Swansea. 
Mass spectrometry, low resolution electrospray, was carried out in negative 
mode for ferulic and potential ferulic acid dimers. Arabinose and Fer-Ara were 
01 
analysed by positive mode mass spectrometry. All samples were dissolved in 50% 
MeOH for analysis. 
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3 Results 
3.1 Identification of solvent system that separates phenolic 
compounds 
A variety of TLC solvent systems were tested with the aim of identifying a 
single solvent system that would give the best separation of cell wall phenolics. 
Cinnamic acid, ferulic acid, sinapic acid, p-coumaric acid, 5-5'-diferulic acid and 
caffeic acid markers were loaded onto TLC plates and their separation in each 
solvent was compared (Fig. 3.1). 
BzA provided good separation of cinnamic acid, ferulic acid and p-coumaric 
acid. TEA was poor at resolving ferulic acid and p-coumaric acid. TA gave a 
similar separation pattern to that of BzA; however, diferulic acid and caffeic acid 
were not so well resolved in this solvent system. Both TAM and DA were poor at 
resolving any of the phenolic compounds. 
Benzene and toluene are both non-polar solvents that have similar dielectric 
constants (2.28 and 2.38 respectively) and may be expected to have similar solvent 
properties. This is supported by the similar separation pattern shown by BzA and TA 
(Fig. 3.1 a and c). The orders and patterns of separation are very similar. Cinnamic 
acid and ferulic acid are well separated, sinapic and p-coumaric acid do not resolve 
very well and diferulic and sinapic acid run quite close together. The addition of 
EtOAc to make TEA results in a marked change in the running order of the markers. 
p-Coumaric acid runs much faster in TEA than it did in TA, just slower than ferulic 
acid. Caffeic acid overtakes diferulic acid in this solvent. Both p-coumaric acid and 
caffeic acid are phenolics without a methoxy group and it may be possible that the 
presence of EtOAc slows down methoxy-containing compounds such as ferulic acid 
and sinapic acid. If the effect of EtOAc slowing down compounds that contain 
methoxy groups is additive, then TEA may be a useful solvent in the separation of 
ferulate dimers and larger coupling products of ferulic acid as these groups will 
contain two or three methoxy groups. 
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Figure 3.1. TLCs of marker phenolics run in five solvents. 
Markers used (4 tg/spot): C = cinnamic acid, F = ferulic acid, S = sinapic acid. pC = 
p-coumaric acid. D = 5-5-diferulic acid and Ca = caflèic acid. Solvents used: BzA 
benzene/acetic acid; TEA = toluene/ethyl acetate/acetic acid; TA = toluene/aectic 
acid; TAM = toluene/acetic acid/methanol and DA = 1,4-dioxanlacetic acid. TLC 
plates used: Merck, silica gel with fluorescent indicator. Markers visualised with 
UV -)' 
5111 
3.2 Identification of cell-suspension cultures that contain 
abundant feruloyl esters 
The feruloyl ester content of spinach, maize, tomato, Arabidopsis, Acer and 
rose cell-suspension cultures was analysed with the aim of identifying cell-lines that 
contained high levels of polymer-esterified phenolic compounds. Both young (3 d 
old) and old (14 d old) cultures were tested. Phenolic compounds were extracted 
from 50 mg AIR which was prepared from each cell-suspension culture. 
Young cultures contained less phenolic material per g dry weight than older 
cultures. In both ages of cultures, maize contained the highest concentration of 
phenolic compounds, followed by spinach (Fig. 3.2, a—d). In both spinach and maize 
the most abundant phenolic compound was ferulic acid. Compounds that co-migrate 
with external markers of ferulic, p-coumaric, sinapic, caffeic and diferulic acids are 
visible in spinach and maize. The remainder of the cell lines tested were found to 
contain minimal cell wall phenolics. However, samples from Acer and rose both 
contained an unidentified phenolic compound that ran slightly slower than ferulic 
acid (Fig. 3.2, a—d, circled). 
Coupling products apparently larger than ferulate dimers were present in 
spinach and maize, as shown in particular by three clearly defined spots that ran 
slower than diferulic acid (Fig 3.2, c—d). These results agree with those found by Fry 
et al. (2000), who suggested that the presence these spots is indicative of larger 
coupling products in the cell walls of maize cell-suspension cultures. 
The abundance of polymer-esterified phenolics in maize and spinach cell-
suspension culture cell walls makes them ideal candidates for further studies in this 
area of research. 
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Figure 3.2. TLCs of polymer-esterified phenolic compounds extracted from young 
and old cells. 
Phenolics extracted from (a) 3-d-old cultures, developed in BzA, (b) 14-d-old 
cultures developed in BzA, (c) 3-d-old cultures developed in TEA, (d) 14-d-old 
cultures developed in TEA. Sp = spinach, Mz = maize, T = tomato. Ar = 
Arabidopsis, Ac = Acer and R = rose. TLC plate details as Fig. 3.1. 
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3.3 Nitrogen as a preservative of phenolic compounds 
During alkali hydrolysis of AIR to release polymer-esterified phenolics, many 
sources (Bunzel et a!, 2005; Ishii, 1991; Markwalder & Neukom, 1976) suggest that 
the experimental vessel be purged of oxygen. This is thought to prevent the 
oxidative degradation of extracted phenolics before analysis has taken place. This 
experiment has been designed to investigate whether nitrogen can play a role in the 
preservation of phenolic compounds during the extraction process. Four samples of 
maize AIR were set up for saponification. Two of the samples were spiked with 
exogenous caffeic acid, which would not normally appear in our samples. One of 
these samples along with one of the non-spiked samples had nitrogen blown into the 
tubes to purge them of oxygen. Saponification and phenolic extraction was then 
carried out as normal. If nitrogen can aid the preservation of phenolic compounds, 
then we would expect caffeic acid to appear on the TLC in samples which had been 
treated with nitrogen. 
Flushing tubes that contain AIR with N2 to remove 02 before alkali hydrolysis 
did not have an effect on the phenolic compounds that survive the procedure. If N2 
had a preservative effect then the spike of caffeic acid, a compound which does not 
normally appear in alkali-hydrolysed phenolics, would appear on the TLC plate. 
However, there was no difference between samples that had had N2 added and those 
that had not (Fig. 3.3). Samples 1 and 2, which each were supplied with 10 jig 
caffeic acid before saponification, do not show any trace of caffeic acid in either of 
the solvent systems used. Fig. 3.3a shows a band of material in all samples that co-
migrates with the external marker of caffeic acid. However, when run in BzA (Fig. 
3.3b) it is clear that the same band does not co-migrate with the caffeic acid external 
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marker. From these results, was concluded that future phenolic extractions would 
not require the use of N2 as a preservative, as its presence had no effect on the 
phenolic compounds that appeared on TLC plates. However, this method would not 
be able to remove 02 which was dissolved in the aqueous solution of NaOH. Future 
investigations could incorporate bubbling of nitrogen through the solution before 
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Figure 3.3. TLC plates of phenolics extracted from maize AIR in the presence and 
absence of N 2 . 
1 = +N2. +caffeic acid spike, 2 = +N2 —caffeic acid, 3 = —N2, +caffeic acid spike, 4 = 
—N2, —caffi3ic acid. 
3.4 Uptake of [14C]cinnamic acid by cell-suspension cultures 
[ 14C]Cinnamic acid mixed with non-radioactive cinnamic acid was fed to cell-
suspension cultures as single liquid dose into the medium to find out if this was a 
suitable method of radiolabel delivary. The ability of cultures to remove the 
radiolabel from the medium was monitored by liquid scintillation counting of the 
culture filtrate. This will allow the selection of cell-suspension culture which have a 
rapid uptake of radiolabel to be selected for further investigations. 
Uptake of [ 14C]cinnamic acid was most rapid in 2-d-old maize, with the 
majority of the radiolabel disappearing from the medium within the first minutes 
after feeding (Fig. 3.4). Spinach and Arabidopsis also had a rapid uptake within the 
first hour. Both tomato and rose cell-suspension cultures were slow to take up 
[ 14C]cinriamic acid compared with the four other cultures tested. 
The results from spinach and maize also show that, after the initial removal of 
radioactivity from the medium, there was a subsequent increase in the amount of 
radioactivity detected. In the case of maize, the change from uptake to export of 14C 
occurred after only 4 mm. The export of radioactivity continued throughout the 
remainder of the time course. This increase may have been due to the accumulation 
of polymer-bound ' 4C-derivatives sloughed off cells into the medium. 
Spinach data showed that after the initial decrease, an increase in radioactivity 
in the medium was not measurable until 128 min after feeding. However, this may 
be due to the slower uptake of radiolabel by spinach compared to maize. This may 
mean that although polymer-bound 
' 4C-derivatives are being secreted into the 
medium, the increase that they cause may be concealed by the continual gradual 
uptake of the [ 14C]cirmamic acid. This is because the assay of radioactivity present 
ro 
in the medium only measured the total radioactivity present, not the form it takes i.e., 
the assay cannot distinguish between ' 4C which is in the free cinnamic acid form or 
is part of a polymer. None of the remaining four cultures showed any increase in 
radioactivity present in the medium over the experimental period. 
On the basis of their rapid uptake of [ 14C]cinnamic acid, spinach, maize and 
Arabidopsis cell-suspension cultures were selected for further investigation into the 
fate of [14C]  cinnamic acid after feeding to cell-suspension cultures. 
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Figure 3.4. Uptake of [14C]  cinnamic acid by 2-d-old cell suspension cultures. 
I ' 4 C]Cinnarnic acid (10 kBq) was fed to 10-mi cultures mixed with non-radioactive 
cinnamic acid to give a final concentration of 4.7 tM cinnamic acid. Portions of the 
medium were assayed for radioactivity at each timepoint. 
68 
3.5 Fate of [14C]cinnamic acid fed to cell-suspension cultures 
Previous uptake experiments had shown that radioactivity disappears from the 
medium of cell-suspension cultures that have been fed [14C]  cinnamic acid (Fig. 3.4). 
However, this did not indicate whether [' 4C]cinnamic acid and its derivatives were 
being incorporated into the cell wall. In an attempt to show if this was the case or 
not, the fate of i' 4C]cinnamic acid fed to cell-suspension cultures was examined in 2-
d-old maize, spinach, Arahidopsis and barley cultures. 
[' 4C]Cinnamic acid mixed was fed to cell-suspension cultures. At intervals 
portions of the cultures were removed and separated into cell-free medium, alcohol-
soluble cellular fraction and alcohol-insoluble fraction, which were assayed for 
radioactivity. 
The pH of the medium of each culture was measured before the addition of 
radioactivity in an attempt to find out if it had some bearing on the ability of cells to 
take up the radiolabel. However, there did not seem to a correlation between pH and 
the rate of IhI4CJcinnamic  acid uptake (Fig. 3.5). 
3.5.1 Analysis of cell-free medium 
A portion of the cell-free medium (CFM) collected at each timepoint was 
assayed for radioactivity (Fig. 3.5 -- ). A further portion of each CFM sample 
was analysed by paper chromatography. This method allows the nature (e.g., size 
and polarity) of the radio label-containing compounds to be investigated. 
When [ 14C]cinnamic acid was fed to cultures the cinnamic acid was 
diminished very rapidly (Fig. 3.5: 
-- ). 
Arahidopsis was the only culture that had 
substantial levels of cinnamic acid left in the medium I h after feeding. In both 
maize and barley the total radioactivity in the medium began to increase, after 2 and 
20 min respectively, even though there were only minimal levels of [' 4C ]cinnamic 
acid (Fig. 3.5: —-- and -- ). The increase in total radioactivity present in the 
CFM is caused by the accumulation of polymer-bound 14C-derivatives in the 
medium. These polymers may have been sloughed off the cell walls after 
incorporation and/or secreted straight into the medium. Paper chromatograms of 
CFM showed an accumulation of R-0 material, likely to be polymer-bound 14C_ 
derivatives, as early as 8 min after [ 14C]cinnamic acid feeding (Fig. 3.5: -f-). The 
increase in radioactivity in R-0 material mirrors the increase in total radioactivity 
present in the CFM. There was a slight accumulation of R 1 0 material in Arabidopsis 
and spinach CFM, but not to the same degree as with the gramineous monocots 
maize and barley. 
Spinach showed an accumulation of radioactive material between the origin 
and the cinnamic acid spot, which ran close to the solvent front. In maize the 
accumulation peaks 8 min after [14C]  cinnamic acid feeding before falling away. The 
accumulation in Arabidopsis is not noticeable until 128 mm, however, this slower 
rate of accumulation is likely to be caused by the slower rate of ' 4C removal from the 
medium (Fig. 3.5; -- ). 
At t=0, {' 4C ]cinnamic acid should equal the total amount of radioacitivty 
present in the CFM (Fig. 3.5:—-- and—-- ), as [' 4C]cinnamic acid was added to 
CFM and immediately assayed for radioactivity by scintillation counting after paper 
chromatography and liquid scintillation counting of the CFM. It is unknown why 
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Figure 3.5. Analysis of radioactivity present in the 2-d-old CFM. 
I. 14 CiCinnamic acid (10 kBq 0.59 nmol) was fed to 10-mi cultures mixed with non-
radioactive cinnamic acid to give a final concentration of 4.7 MM cinnamic acid. 
CFM was assayed for total radioactivity at each timepoint. The CFM was further 
analysed by paper chromatography (BAW: 13:3:5) 
Sections of the paper chromatogram were cut and assayed for radioactivity present at 
the origin, intermediate regions (i.e.. ' 4C-derivatives which may be hound to sugars) 
and which co-migrated with and internal marker of cinnamic acid. Logarithmic 
ti mescale. 
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3.5.2 Analysis of alcohol-soluble fraction 
The alcohol-soluble fraction (ASF) of cells was analysed by paper 
chromatography and liquid scintillation counting. The ASF contains lOWMr 
intracellular material and is likely to contain radiolabel that has entered the cell, but 
has yet to be attached to a polysaccharide. 
In all four cell types tested, radioactivity was present that was likely to be 
14C] 
cinnamicacid as it co-migrated with an internal marker of cinnamic acid (Fig. 
3.6). This peak of radioactivity may also contain other cinnamic acid derivatives. 
The solvent system used does not resolve free cinnamic acid from other free phenolic 
acids and they would all run in the same region. 
However, the length of time that material likely to be [14C]  cinnamic acid was 
measurable after feeding varied between cell lines, possibly owing to the speed at 
which the radiolabel was taken up by the cells. Arabidopsis, which had the slowest 
uptake of [14C] cinnamic acid (Fig. 3.5) had a peak of radioactivity which co-
migrated with an internal marker of cinnamic acid, remaining the longest in the ASF. 
[' 4C]Cinnamic acid was only present in relatively low levels in 2-d-old maize ASF; 
this may be due to its rapid uptake and it may have already been converted into other 
compounds or attached to polysaccharides before the first time point was taken. 
In all cases, a more polar compound accumulated in the ASF which then 
disappeared from all cultures apart from Arabidopsis (Fig. 3.6, 22 cm from origin). 
This is likely to be an intermediate compound in the pathway that leads to 
arabinoxylan feruloylation from free cinnamic acid. This may be the same 
compound recorded by Fry et al. (2000) who suggested that it may be a feruloyl- or 
sinapoyl-glucosyl ester identified by Harbome and Corner (1961). The rate of 
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accumulation of this polar compound varied with each cell line (Fig. 3.6). In maize 
the compound was at a peak only 2 min after 14C-feeding and proceeded to decrease 
over the remainder of the timecourse. In both spinach and barley this compound was 
still increasing until 16 mm, again decreasing after this point. Arahidopsis had the 
slowest rate of accumulation and also the lowest level of the polar compound. This 
may be related to the leisurely rate of uptake of [14C  ]cinnamic acid after feeding (Fig. 
3.4). 
In all cases, the changes in the total concentrations of ' 4C-derivatives present 
in the ASF (Fig.3.7, M ) confirm that initially radioactivity builds up in the ASF 
after uptake from the CFM. The total level of radioactivity in the ASF then 
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Figure 3.6. Paper chromatograms of selected ASF samples collected at specific timepoints from 2-d-old cell-
suspension cultures after [ 14C]cinnamic acid feeding. Samples (100 tl ASF) were chromatographed with an internal 

























































































3.5.3 Analysis of alcohol-insoluble residue 
Radioactivity present in the AIR was found to increase over time in all 
cultures (Fig. 3.7. = ). This means that [' 4C]cinnamic acid derivatives have been 
incorporated into cellular polymers. Soluble extracellular polymeric material (R10 
on CFM paper chromatograms) is likely to have originated from the cell wall in the 
form of polysaccharides that were sloughed off the cells into the medium and/or 
secreted into the medium and has been presented next to AIR (Fig.3.7. = ). The 
amount of radioactivity incorporated into the AIR of each culture after 8 h varied. 
Spinach incorporated 33%, maize 19%. Arahidopsis 32%, barley 23%. 
Maize and spinach were selected for further study as had reasonable levels of 
incorporation of radioactivity into the cell wall (AIR) after 8 h. The amount of 
radioactivity present in the ASF was also decreasing after 8 h. which means that the 
majority of the radiolabel has already left the ASF pool and has entered the cell wall. 
With Arabiclopsis it is clear to see that the radioactivity in the ASF pool was still 
increasing after 8 h and this in turn means that the incorporation of radioactivity into 
the cell wall had not reached an end point. Barley was not selected for further study 
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Figure 3.7. Changes in radioactivity present in the CFM. ASF and AIR of 2-
d-old cell suspension cultures. 
Summation of constituent parts at each timepoint gives the total amount of 
radioactivity found in each 300-tl sample removed (logarithmic timescale). 
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3.6 Identification 	of 	an 	age 	of 	culture 	where 
intraprotoplasmic feruloyl coupling is minimal 
Exogenously supplied [ 14C]cinnamic acid was taken up by cells from the 
medium of cell-suspension cultures, and a portion of the radioactivity became 
incorporated into the cell wall (Section 1.5). This section investigates at which age of 
cell-suspension culture the intraprotoplasmic coupling of feruloyl esters was minimal 
and also whether the addition of H20 2 was able to cause an increase in diferulate 
moieties within the cell wall. This will allow an element of control over the 
diferulate content within the cell wall. By finding a cell-suspension culture with 
minimal intraprotoplasmic coupling, we hope to control, through the addition of 
H202, when the majority of diferulate coupling occurs within the wall. 
Polysaccharides are rapidly feruloylated within the endomembrane system and 
transport to the cell wall takes approximately 10-30 mm (Myton & Fry, 1994). If 
diferulate groups appear only after the length of time taken for polymers to be 
secreted to the cell wall (10-30 mm), then ferulate dimerisation must be extracellular. 
Fry et al., (2000) found that after [ 14C]cinnamic acid feeding there was a slight 
difference in the timing of ferulate dimerisation between 2-d- and 4-d-old maize cell-
suspension cultures. [ 14C]Diferulate was apparent earlier in 2-d-old cultures than it 
was in 4-d-old cultures and was more abundant. 
Cell-suspension cultures (2-d- and 7-d-old maize and spinach) were fed 
[ 14C]cinnamic acid and polymer-esterified 14C-derivatives present in the cell wall and 
low-Mr  14C-derivatives present in the ASF were monitored over time to identify at 
which point [ 14C]diferulate groups begin to appear. Exogenous H20 2 was added to 
selected cultures and its effect of diferulate formation was monitored. Low-M r 
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material and extracted polymer-esterified ' 4C-derivatives from the cultures were 
analysed and detected by autoradiography of TLC plates. 
3.6.1 Low-M r  14C-derivatives 
Radioactivity present in the lOWMr 14C pool consisted of that which was 
remaining in the medium after removal of the cells and that which was washed free 
from the cells in the ASF. Total radioactivity in the combined 1OWM r pool was 
initially high, followed by a gradual decrease over time. This decrease was probably 
due to the incorporation of material into the cell wall as polymer-esterified 
derivatives. The radioactivity present in the ASF of all cell types analysed followed 
this pattern (Fig. 3.8). Radioactivity was removed from the ASF of 2-d-old cultures 
more rapidly than from that of 7-d-old cultures. However, the flow of radioactivity 
out of 7-d-old maize ASF was much more rapid than out of that of 7-d-old spinach. 
The addition of H202  to cultures caused a rapid decrease in total ASF radioactivity, 
regardless of age (Fig. 3.8). 
In all cases, there was a decrease in radioactivity present in phenolic acids 
over time (Fig. 3.9-3.16). Cinnamic acid disappeared most rapidly from 2-d-old 
cultures (Fig. 3.13 and Fig. 3.14). As the cinnamic disappeared, the formation of 
ferulic acid was visible however, the presence of ferulic acid in this pool of 
radioactivity was a transient one in all ages of cultures (apart from 7-d-old spinach) as 
it was no longer detectable after 64 mm. This decrease was probably due to the 
feruloylation of polymeric material, which would cause radioactivity in the form of 
labelled ferulic acid to move from the low-Mr ' 4C pool to the polymer-esterified 14C 
pool. 
W. 
I In 7-d-old spinach there does not seem to be a spot of radioactivity that co-migrates 
with the internal marker of ferulic acid as expected. There is an unknown compound 
which runs slightly faster than the internal marker of ferulic acid. This compound 
does not become visible until 2 min and it remains until 1 min after H202 addition. 
The role of this compound is unknown as is why there is no [' 4C]ferulic acid present 
in this culture. The absence of [ 14C]ferulic acid is a mystery as [ 14C]diferulic acid is 
present in the culture. 
In both 7-d-old maize and spinach there was a compound that co-migrated 
with an internal marker of sinapic acid. This compound was only visible in the 1 and 
2 min samples before it disappeared (Figure 3.15 and 3.16). 
Also present in this pool was an unknown 14C-compound that ran slightly 
slower than a coumaric acid marker (Fig. 3.16 *). This compound was present in all 
of the cultures, but was most noticeable in the 7-d-old cultures, especially 7-d-old 
spinach. This compound appears before [ 14C]ferulic acid is visible and remains until 
[ 14C]ferulic acid disappears. 
The addition of H202 to the cultures caused the disappearance of some 
unidentified compounds from the low-M r pool. In all culture ages tested, the spot of 
radioactivity immediately above the origin spot (TLCs run in BzA) disappeared 10 
min after the addition of H 202 (Figure 2.13-3.16). 
Radioactivity that was present in forms other than free phenolic acids could 
best be analysed using the solvent BAW (4:1:1) (Figure 3.9-3.12). Putative 
[ 14C]feruloyl/coumaroyl-CoA was located in the low-M r material isolated from 2-d-
old maize cell-suspension cultures. Feruloyl-CoA consists of ferulic acid, a 10-
carbon compound, bound to a CoA group. Decanoyl-CoA consists of a hydrophobic 
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10-carbon compound bound to a CoA group and so was a suitable marker comparable 
to feruloyl-CoA. In 2-d-old maize there was a 14C-compound that co-migrated with 
an external marker of decanoyl-CoA (Fig. 3.9). This potential [' 4C]feruloyl-CoA had 
a very rapid turnover and was detectable only up to 8 min after [ 14C]cinnamic acid 
feeding, after which it completely disappeared. This compound may be similar to 
'compound J' of Fry et al., (2000). Compound J, which was suggested to be a 
breakdown product of feruloyl CoA, had a similar turnover pattern to this potential 
feruloyl-CoA in both the cases the compound was no longer detectable after 8 mm. 
On paper electrophoresis of 2-d-old maize low M r material further confirmed that the 
compound still co-migrated with an external marker of decanoyl-CoA and may 
therefore be feruloyl/coumaroyl- CoA. At pH 2, the phosphate groups of CoA would 
be ionised, resulting in the migration of a compound to the anode, as is the case of the 
unknown compound from 2-d-old maize (Fig. 3.17). The —COOH groups of phenolic 
acids are not ionised at pH 2 and so as this compound moved towards the anode, it 
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Figure 3.8. Radioactivity present in ASF of maize and spinach cell-suspension 
cultures of different ages. 
[' 4C]Cinnamic acid (1 kBq: 0.059 nmol) was fed to individual cultures (400 PI) and 
incubated. After 512 min selected cultures were incubated with H 202 (5 mM final 
conc.). At designated timepoints. an  ASF was prepared from each culture and 





C 1 	2 4 8 16 32 64 128 256 512 +1 1Q +60 	16 32 64 128 256 512±1 +10+60 
+H202 	 +H202 
Figure 3.9. TLC of low-Mi material extracted from 2-d-old maize cultures. 
[' 4C]Cinnamic acid (1 kBq; 0.059 nmol) was fed to individual cultures (400 jil) and incubated. After 512 min selected cultures were 
incubated with H 202 (5 mM final conc.). At designated timepoints, lOWM r material (from ASF and spent medium) was extracted from 
each culture. Portions (20%) of total low Mr material extracted at each timepoint, containing internal markers (phenolic acids, as used in 
Fig.3.2, and decanoyl CoA), were analysed for 14C-derivatives by TLC in BAW (4:1:1) and autoradiography. Markers detected with 
UV254. Overlaid grid was used to pinpoint migration of compounds and to compare them to migrations of internal markers. 
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Figure 3.10. TLC Of lOWM r material extracted from 2-d-old spinach cultures. 
As Fig.3.9. 
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Figure 3.11. TLC of low-M 1 material extracted from 7-d-old maize cultures. 
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Figure 3.12. TLC of low-M1 material extracted from 7-d-old spinach cultures. 
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Figure 3.13. TLC Of 1OWM r material extracted from 2-d-old maize cultures. 
As Figure 3.9 except TLC was run in BzA (9:1). 
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Figure 3.14. TLC Of lOWM r material extracted from 2-d-old spinach cultures. 
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Figure 3.15. TLC of low-M r material extracted from 7-d-old maize cultures. 
As Figure 3.9 except TLC was run in BzA (9:1). 
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Figure 3.16. TLC Of 1OWM r material extracted from 7-d-old spinach cultures. 
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Figure 3.17. 	Paper electrophoresis of low Mr (ASF) from 2-d-old maize. 
[ 14ClCinnamic acid (1 kBq: 0.059 nmol) was fed to individual cultures (400 1.11) and 
incubated. After 5 12 min selected cultures were incubated with 1-120 2 (5 mM final 
conc.). At designated timepoints, lOWM r material (from ASF and spent medium) 
was extracted from each culture. Portions of total low Mr material extracted at each 
timepoint were analysed by electrophoresis p1-I 2, 3.5 kV for 30 min followed by 
autoradiography. External markers of decanoyl CoA were detected by molybdate 
staining. Orange G is a visual marker. 
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3.6.2 Timing of ferulate dimerisation in alcohol-insoluble residue 
In all of the cell-suspension cultures tested, [ 14C]diferulic acid appeared in the 
AIR between 2 and 8 min after [ 14C]cinnamic acid feeding (Fig. 3.18-3.25). This 
means that some of the coupling of polymer-esterified ferulic acid occurred 
intraprotoplasmically, i.e., before the polymer became a part of the cell wall, as 
diferulic acid appeared before the length of time it takes for a polymer to be 
transported to the cell wall (approximately 10-30 mm). 
Polymer-esterified material extracted from 2-d-old maize cell-suspension 
cultures showed a rapid accumulation of [ 14C]ferulic acid, visible as a heavily-
labelled spot apparent 1 min after [14C] cinnamic acid feeding. Dimerisation of 
[' 4C]ferulate groups was rapid as a visible spot of [ 14C]diferulic acid appeared 2 mm 
after feeding. There was no visible increase in [ 14C]diferulate formation after the 
addition of H202  (Fig. 3.18 & 3.22). This may be because there were no ferulate 
groups available for dimerisation as the majority of ferulate coupling in 2-d-old maize 
cell-suspension cultures had already occurred within the protoplast. 
Young spinach (2-d-old) polymer-esterified fraction exhibited a much slower 
accumulation of [ 14C]ferulic acid (Fig. 3.19 & 3.23) than 2-d-old maize. As a result of 
a slower rate of [ 14C]ferulate formation, [ 14C]diferulic acid was not visible until 32 
min after [14C] cinnamic acid feeding. However, this leisurely rate of accumulation 
was probably due to low levels of [ 14C]ferulate in the polymer-esterified pool of 
radioactivity and not something other than intraprotoplasmic coupling. The addition 
of H202 to 2-d-old spinach cultures seems to have a slight effect on the accumulation 
of [ 14C]diferulic acid, as shown by a slight darkening of spots that migrate in the 
region of a diferulic acid internal marker (Fig. 3.23). 
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In both of the 2-d-old maize and spinach cultures [ 14C]ciimamic acid was 
visible in the polymer-esterified pool of radioactivity 1 and 2 min after feeding (Fig. 
3.18, 3.19, 3.22 & 3.23). Cinnamic acid is not known to be ester-linked to the cell 
wall as polysaccharides are normally thought to be feruloylated via a 
feruloyl/coumaroyl CoA intermediate. 
Feeding of [14C]  cinnamic acid to 7-d-old maize cell-suspension cultures 
caused a rapid build-up of [ 14C]ferulic acid in the polymer-esterified pool within 1 
min of feeding (Fig. 3.20 & 3.24). [ 14C]Ferulic acid plateaued at 4 mm, after which it 
remained at a similar level for the remainder of the timecourse. [ 14C]Diferulic acid 
began to be visible 8-16 min after feeding. This is particularly clear when TEA was 
used as the TLC solvent system (Fig. 3.24). The addition of H202 had a clear effect 
on the formation of [ 14C]diferulic acid as there was a darkening of the spot that co-
migrates with the internal marker of 5-5'-diferulic acid 10 min after H202 addition. 
The darkening of the spot was not due to normal cell-driven accumulation of 
[ 14C]diferulic acid as before H20 2 addition the radioactivity present in the spot had 
been constant from 16 mm (Fig. 3.26). Addition of H202 also caused a build-up of 
14C, likely to be coupling products that are larger than ferulate dimers, at the origin. 
Results from feeding [ 14C]cinnamic acid to 7-d-old spinach cell-suspension 
cultures were similar to those of 2-d-old spinach. [ 14C]Ferulic acid was slow to 
accumulate in comparison to maize cultures of the same age and, as a result of this 
slow accumulation, [ 14C]diferulic acid did not appear until around 32-64 min after 
feeding (Fig. 3.21 & 3.25). As with 2-d-old spinach, the late appearance of 
[ 14C]diferulic acid was probably not due to low levels of intraprotoplasmic feruloyl 
coupling but to a slower flow of labelled phenolic material from the low-M r pool to 
92 
material that is polymer- esteri fied. The difference in rates of movement of labelled 
phenolic material from the 10W-M r pool into the polymer-esterified pool is evident 
when Fig. 3.11 and 3.12 are compared. The phenolic 14C-material from 7-d-old 
maize IOW-Mr samples was in decline from 32 mm, whereas 7-d-old spinach phenolic 
' 4C-material was still present at 512 mm. 
This investigation provided no clear-cut cell-suspension culture than fulfilled 
all of the criteria set out at the onset of experimentation—a low level of 
intraprotoplasmic feruloyl coupling and an H202-induced increase in diferulic acid. 
None of the cultures tested displayed obvious low levels of intraprotoplasmic feruloyl 
coupling where diferulic acid did not appear until 20-30 min after [ 14C]cinnamic acid 
feeding. However, 7-d-old maize was selected for further study as it exhibited traits 
closest to those which were desirable. Appearance of [ 14C]diferulic acid occurred 8-
16 min after [14C]  cinnamic acid feeding and the addition of H20 2 had a clear effect on 
[ 14C]diferulic acid accumulation. Together these factors will allow a degree of 
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Figure 3.18. TLC of polymer-esterified 14C-derivatives from 2-d-old maize cultures. 
[' 4C]Cinnamic acid (1 kBq; 0.059 nmol) was fed to individual cultures (400 t1) and incubated, after 512 min selected cultures were 
incubated with H202 (5 mM final conc.). At designated timepoints, polymer-esterified material was extracted from each culture. 
Portions (20%) of total polymer-esterified material extracted at each timepoint, containing internal markers (phenolic acids as Fig. 3.2), 
were analysed for 14C-derivatives by TLC in BzA (9:1) and autoradiography. Markers detected with UV 254 . Overlaid grid was used to 
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Figure 3.19. TLC of polymer-esterified 14C-derivatives from 2-d-old spinach cultures. 
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Figure 3.20. TLC of polymer-esterified ' 4C-derivatives from 7-d-old maize cultures. 
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Figure 3.21. TLC of polymer-esterified ' 4C-derivatives from 7-d-old spinach cultures. 
As Figure 3.18. 
97 







Figure 3.22. Autoradiograph and TLC of polymer-esterifled ' 4C-derivatives from 2-d-old maize. 
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Figure 3.23. Autoradiograph and TLC of polymer-esterified 14C-derivatives from 2-d-old spinach. 
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Figure 3.24. TLC of polymer-esterified ' 4C-derivatives from 7-d-old maize cultures. 
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Figure 3.25. TLC of polymer-esterified 4C-derivatives from 7-d-old spinach cultures. 
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Figure 3.26. [' 4C]Diferulic acid present in polymer-esterified pool extracted from 7-
d-old maize after [' 4Clcinnarnic acid feeding. 
[' 4C]Cinnamic acid (1 kBq: 0.059 nmol) was fed to individual cultures (400 jil) and 
incubated. After 512 min selected cultures were incubated with 11202 (5 mM final 
conc.). At designated timepoints. polymer-esterified ' 4C-derivatives were extracted 
from each culture. Portions (20%) thereof containing internal markers (phenolic 
acids, as used in Figure 3.2), were analysed for ' 4C-derivatives by TLC. The region 
of the TLC that co-migrated with an internal marker of 5-5-diferulic acid and the 
spot immediately above, as detected by autoradiography (Figure 3.20). were cut out 
























3.7 Inhibition of diferulate formation in cell-suspension 
cultures 
Maize cell-suspension cultures (7-d-old) were selected as they had the lowest 
rate of intraprotoplasmic feruloyl coupling and also exogenous H202 increased 
[ 14C]diferulate formation in them. Although 7-d-old maize had the most favourable 
results out of the cultures tested it was decided to investigate whether the amount of 
diferulate synthesised could be further restricted through the addition of an inhibitor 
of the oxidative coupling reaction of ferulate. There are two possible points of 
inhibition in this reaction: removal of H20 2 or inhibition of peroxidase. 
3.7.1 Ascorbate as a possible inhibitor of diferulate formation 
Ascorbate is a potent anti-oxidant and will remove H20 2, the removal of 
which which should prevent diferulate formation (Takahama & Oniki, 1992; Zarra et 
al., 1999). The effectiveness of ascorbate as an inhibitor of the oxidative coupling of 
ferulate was tested. Five cell-suspension cultures, including a control in which cells 
had previously been killed, were fed [14C]  cinnamic acid and incubated for 1 h after 
which any [' 4C]cinnamic acid remaining in the medium was removed by washing. 
Three of the five cultures were then incubated with ascorbate, whereas the other two 
cultures did not have any ascorbate added before incubation. Samples of cells and 
medium were removed every 6 h, for 24 h; polymer-esterified material was extracted 
and the amount of [ 14C]diferulic acid present was monitored. After 24 h, cells were 
washed free of ascorbate and incubated for a further 1 h. Selected cultures—two that 
had previously been incubated with ascorbate, and one that had had no ascorbate-
were incubated with H 202 for the final 8 h. Again, samples of cells and medium were 
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removed during the incubation and the amount of [ 14C]diferulic acid present was 
monitored. 
The addition of ascorbate did not seem to be an effective method of inhibiting 
the oxidative coupling of polymer-esterified ferulate groups. If ascorbate was an 
effective inhibitor, it would be expected that during the 24-h incubation there would 
be a difference in [ 14C]diferulic acid amounts between cultures that had ascorbate 
(Fig. 3.27 and 3.28) and those which did not (Fig. 3.29 and 3.30). However, in all the 
culture conditions tested there was not a difference in [ 14C]diferulic acid amounts, it 
was present at similar levels after 6 h and increased throughout the 24-h incubation. 
The ascorbate concentration in the culture medium was assayed at each of the 
four timepoints throughout of the 24-h incubation. Initially, ascorbate was added to 
cell-suspension cultures to a final concentration of 2 mM. If the concentration of 
ascorbate was found to be low at a time point, then additional ascorbate was added to 
the culture medium. The concentration of ascorbate at each for the timepoints is 
shown in Table 3.1. 
Table 3.1. Concentration of ascorbate present in medium of cell cultures. 
Selected cell-suspension cultures (20 ml) were fed ascorbate to a final concentration 
of 2 mM. Medium was tested for ascorbate concentration by titration with DCPIP, 
every 6 h for 24 h. The control culture had previously been killed with 80% EtOH 
containing 5% formic acid and 1 mM mercaptoethanol before [ 14C]cinnamic acid 
feeding. 
Ascorbate 	concentration 	(mM) after 
Culture 6h 12h 18h 24h 
+H 202 +asc <0.15 <0.15 <0.15 <0.15 
+H202 —asc <0.15 <0.15 <0.15 <0.15 
—H 202 +asc <0.15 <0.15 <0.15 <0.15 
4:—H 20 2 —asc <0.15 <0.15 <0.15 <0.15 
5: +H 202 +asc 2 
(control)  
2 2 2 
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At each of the timepoints, ascorbate was only present in culture 5, the control 
culture in which the cells were killed before the addition of radioactivity. Cultures to 
which ascorbate was added at the start of the 24-h incubation had their ascorbate 
concentration reduced to that of cultures to which no ascorbate was added within 6 h. 
At each of the timepoints after estimation of the ascorbate concentration, cultures 1 
and 2 had additional ascorbate added to bring the concentration back up to 2 mM. 
However, in each case it is clear to see that the ascorbate was depleted before the next 
timepoint. This would account for the lack of diffemce between [ 14C]diferulic acid in 
each of the cultures. The ascorbate was depleted between each 6-h timepoint and this 
meant that [ 14C]diferulic acid was free to form as it was in cultures which had no 
ascorbate. 
For this reason, ascorbate was deemed to be an unsuitable inhibitor of 
[ 14C]diferulic acid formation as its concentration would require constant monitoring 
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Figure 3.27. 	TLC of polymer- 
esterified ' 4 C-derivatives from 7-d-old 
maize cultures treated with ascorbate 
and H202. 
[' 4C]Cinnamic acid (50 kBq; 2.94 
nmol) was fed to each culture (20 ml) 
and incubated with ascorabate (2 mM 
final conc.). Samples were removed 
every 6 h, until 24 h, after which H 2 02 
(1 mM final conc.) was added. 
Samples were removed after a further I 
and 60 mm, after which a replicate 
dose of H02 was given. Samples were 
then removed after a further 10 and 60 
mm. The polymer-esterified pool was 
extracted from all samples and portions 
(20%) the of total, containing internal 
markers (phenolic acids, as Fig 3.2), 
origin 	were analysed for ' 4C-derivatives by 
TLC in BzA (9:1). 	Internal and 
external markers were detected with 
UV254. The overlaid grid was used to 
pinpoint migration of compounds and 










Figure 3.28. 	TLC of polymer- 
esterified ' 4 C-derivatives from 7-d-old 
maize cultures treated with ascorbate. 
As Fig. 3.27 except no H202 was 
added after 24 h incubation. 
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Figure 3.29. 	TLC of polymer- 
esterified ' 4 C-derivatives from 7-d-old 
maize cultures treated with H 202 . 
As Fig.3.27, except initial 24 h 
incubation was carried out in the 
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Figure 3.30. 	TLC of polymer- 
esterified 14C-derivatives from 7-d-old 
maize cultures treated with ascorbate 
and H202 . 
As Fig.3.27 except cells were not 
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Figure 3.31. Control culture. Cells 
were treated with 80% EtOH 
containing 5% formic acid and 1 mM 
mercaptoethanol before the addition of 







3.7.2 Potassium iodide as a possible inhibitor of diferulate 
formation 
Potassium iodide can inhibit diferulate formation as it reacts with H20 2 to 
form water and iodine, preventing the peroxidase catalysed oxidative coupling 
reaction (Kärkönen et al., 2002; Encina & Fry, 2005). Cell-suspension cultures (7-d-
old maize) were incubated with various concentrations of KI for 1 h before the 
addition of [14C]  cinnamic acid. After a period of incubation, a sample of cells and 
medium was removed and the effectiveness of KI as an inhibitor of [ 14C]diferulic acid 
formation was tested. KI was then washed out from the remainder of the culture, 
which was split into two parts, one of which had H202 added and the other had H20 
added. This was done to test the reversibility of the inhibition and to test whether 
[ 14C]diferulic acid formation could be returned and possibly increased by H202. 
The highest concentration of KI (20 mM ) was found to inhibit the formation 
of [ 14C]diferulic acid most effectively compared with the control to which no KI was 
added. However, this inhibition was not complete as a spot of radioactivity that co-
migrated with an internal marker of 5-5'-diferulic acid was still visible (Fig. 3.32, 24-
h timepoint). The intensity of the spots of radioactivity that migrated between the 5-
5'-diferulic acid marker and the origin, likely to be other ferulate dimers and larger 
coupling products, was also reduced compared with the control, but again not 
entirely. This shows that KI was not a causing the complete inhibition of 
[ 14C]diferulic acid formation. 
After 24 h incubation, when the inhibitor was removed, the culture was 
divided into four smaller cultures to which either H 202 or H20 was added. An 
increase in the amount of [ 14C]diferulic acid, visible as a darkening of the spot that 
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co-migrated with the 5-5'-diferulic acid internal marker, was noticeable (Fig. 3.32, 8-
h H202 track). The products formed after the addition of H202 were coupling 
products of ferulic acid. This is clear as the spot of radioactivity that co-migrated 
with the internal marker of ferulic acid decreased after the removal of the inhibitor 
and addition of H202 . The cultures to which H20 was added instead of H202 also 
exhibited an increase in [ 14C]diferulic acid. However, the accumulation of coupling 
products did not seem to be as rapid as with cultures to which H202 was added. This 
was particularly noticeable at the 8-h timepoints (Fig. 3.32). 
There did not seem to be a large difference between the cultures that had 5 
mM, 10 mM or 20 mM KI as the inhibitor. The more concentrated inhibitor solutions 
did not visibly prevent [ 14C]diferulic acid formation. In all cultures [ 14C]diferulic 
acid was visible after 24 h incubation with the inhibitor. After the inhibitor was 
removed by washing and the cultures were incubated with H202 for 8 h, there was a 
decrease in [ 14C]ferulic acid. This decrease in [ 14C]ferulic acid can be explained by 
an increase in [ 14C]diferulic acid and radioactive material that migrates slower than 
the 5-5'-diferulic acid marker and especially radioactive material at the origin. 
Cultures to which H 20 was added instead of H202 , did not show the same degree of 
[ 14C]diferulic acid accumulation. The spot of [ 14C]ferulic acid does visibly decrease 
after an 8-h incubation without H202 compared with the [' 4C]ferulic acid spot at 24 h, 
however there does not seem to be any accumulation of radioactivity that accounts for 
this decrease. 
In conclusion, KI did inhibit the formation of [ 14C]diferulic acid, but this was 
by no means a complete inhibition. [ 14C]Diferulic acid was clearly visible even after 
24 h incubation with various concentrations of KI. However, the inhibition that did 
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take place was found to be reversible and [ 14C]diferulic acid could be increased by the 
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Figure 3.32. TLC of polymer-esterified 14C-derivatives from 7-d-old maize cultures treated with K!. 
[14C] Cinnamicacid (1 kBq; 0.059 nmol) was fed to each culture (2. 4 ml) and incubated. After 24 h a sample (400 il cells and medium) 
was removed. The inhibitor was removed from the remainder of the culture, which was split into four small cultures of 400 Pl. H202 0 
mM final conc.) or H20 was added to each culture, which was incubated for 1 or 8 h, after which polymer-esterified material were 
extracted. Portions (20%) of total polymer-esterified material from each timepoint, containing internal markers (phenolic acids, as Fig. 
3.2), were analysed for 14C-derivatives by TLC in BzA (9:1) and autoradiography. Markers were detected with UV 254 . The overlaid grid 
was used to pinpoint migration of compounds and to compare them to migrations of internal markers. 
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Figure 3.32. Continued. 
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3.7.3 Sodium iodide, dithiothreitol and cysteine as possible 
inhibitors of diferulate formation 
Polymer-esterified ' 4C-derivatives were extracted from [ 14C]cinnamic acid-fed 
cell-suspension cultures that were treated with sodium iodide, dithiothreitol (DTT) or 
cysteine in an attempt to identify a more successful inhibitor of diferulate formation 
within the cell wall than KI. 
Cultures of 7-d-old maize were incubated with the appropriate inhibitor for 1 
h, after which [14C]  cinnamic acid was fed as a single dose. The cultures were further 
incubated for 24 h at which point a sample of cells and medium was removed. The 
remaining cells were washed free of the inhibitor with fresh medium and split into 
four smaller cultures. Two of the small cultures were treated with H202 and the 
remaining two were treated with H20. After 1 h incubation, one culture from each 
incubation (H20 and H202) was removed and the polymer-esterified 14C-derivatives 
were extracted. The two remaining cultures had their polymer-esterified 14C_ 
derivatives extracted after 8 h. All extracted polymer-esterified 14C-derivatives were 
analysed by autoradiography of TLC plates. 
This experiment was designed to show whether the potential diferulate 
formation inhibitor is effective (24-h sample) and also whether the effect of the 
inhibitor is reversible after its removal (H20 samples). The addition of H202 to 
selected cultures will show whether the resumption of diferulate formation and 
subsequent accumulation can be quickened. 
During the initial 24-h incubation, some inhibitors had caused a reduction in 
polymer-esterified [ 14C]diferulic acid accumulation (Fig. 3.33, 24-h track). The spot 
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of radioactivity that co-migrated with an internal marker of 5-5'-diferulic acid in 
cultures that were treated with 5 and 20 mM NaT and 5 mM DTT was reduced when 
compared to cultures that had no inhibitor added (H20-A and H20-B). Cysteine did 
not appear to have any effect on the formation of [ 14C]diferulic acid during 24 h 
incubation. 
After removal of the inhibitor from each of the cultures, an effect was noticed. 
After the removal of DTT, [ 14C]diferulic acid formation did not return (Fig. 3.33, 
H20 and H202 tracks). However, the amount of [ 14C]ferulic acid decreases (Fig. 
3.34). The disappearance of [ 14C]ferulic acid was not accounted for by the 
appearance of any polymer-esterified 14C-derivatives as there was not an increase in 
the intensity of any of the spots of radioactivity on the autoradiograph. 
Nal was the most successful inhibitor tested. 	When compared to 
[ 14C]diferulic acid extracted from cultures incubated with H20 instead of an inhibitor, 
the amount of [ 14C]diferulic acid produced was reduced (Fig. 3.35). After 24 h 
incubation with 5 or 20 mM Nal, the amount of [ 14C]diferulic acid synthesised was 
lower than treatment with no inhibitor (H20). Moreover when the cells were washed 
free of Nal, the ability to form [ 14C]diferulic acid was regained. Further treatment 
with H202 mainly seemed to have an effect on coupling products larger than ferulate 
dimers, especially when 20 mM NaT was the inhibitor (Fig. 3.33). However, 8 h 
incubation with H 202 in cells that were incubated with 20 mlvi Nal produced a 
massive increase in oxidative coupling products (Fig. 3.33 and 3.35). Both the 
material that remained at the origin and the spot that co-migrated with an internal 
marker of 5-5'-diferulic acid increase greatly after an 8 h incubation with H 202 . In 
particular, the increase in [ 14C]diferulic acid is anomalous when compared to 
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[ 14C]diferulic acid from cells which underwent similar treatments under identical 
conditions (namely those treated with 5 mM NaT) and so this result should be treated 
with caution. 
Initial conclusions that sodium iodide, DTT and cysteine have not been 
successful inhibitors of diferulate formation was questioned when the existence of 
soluble-extracellular polysaccharides (SEPs) was taken into account. SEPs are 
polysaccharides which are sloughed from the cells wall, or pass through the wall and 
accumulate in the medium. SEPs were removed with the wash that removed the 
inhibitor. However, they were present in the 24-h sample as this was taken before the 
wash took place. The SEPs would have precipitated when the cells were being 
washed with 80% EtOH containing 5% formic acid and 1 mM mercaptoethanol, to 
remove low Mr material, and would be subsequently treated along with material that 
had been derived from the cell wall. Any polymer-esterified 14C-derivatives arising 
from SEPs would therefore appear on the TLC plate and autoradiograph. This would 
account for a large decrease in [ 14C]ferulic acid between 24 h and 1 h post H20 2/H20 
samples (Fig. 3.36). It is also possible that [ 14C]diferulic acid which was present at 
24 h was also from the SEPs. This would mean that the actual amount of 
[ 14C]diferulic acid in the wall was lower than shown on the autoradiograph. To 
prevent this SEP precipitation, cells were washed free of low M r material with 10% 
formic acid containing 1 mM mercaptoethanol. This prevents the precipitation of 
SEPs, allowing them to be removed along with the ASF and not being included in the 
polymer-esterified ' 4C-derivatives pool. This change will give a truer representation 
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Figure 3.33. TLC of polymer-esterified ' 4C-derivatives from 7-d-old maize cultures treated with various inhibitors. 
[' 4C]Cinnamic acid (1 kBq; 0.059 nmol) was fed to each culture (2.4 ml) and incubated. After 24 h a sample (400 tl) was removed. The inhibitor 
was removed from the remainder of the culture which was split into four cultures of 400 p1. H202 (1 mM final cone.) or H 20 was added to each 
culture which was incubated for I or 8 h, after which polymer-esterified material was extracted. Portions (80%) of total polymer-esterified 
14C_ 
derivatives extracted at each timepoint, containing internal markers (phenolic acids, as Fig 3.2), were analysed for 14C-derivatives by TLC in BzA 
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Figure 3.34. Changes in polymer-esterified [ 14C]ferulic acid in maize cultures 
treated with diferulate formation inhibitors. 
Experimental details as Fig. 3.33. Spots that co-migrated with an internal marker of 
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Figure 3.35. Changes in polymer-esterified [' 4C]diferulate in maize cultures treated 
with Nal. 
As Figure 3.34 except the spots that co-migrated with an internal marker of 5-5'-
dilerulic acid and the spot that ran immediately above the marker were cut from the 
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Figure 3.36. TLC of polymer-esterified 14C-derivatives extracted from AIR which did not have SEPs removed. 
As Figure 3.32, except ASF was removed with 80% EtOH containing 5% formic acid and 1 mM mercaptoethanol, which would cause 
SEPs to precipitate and become part of the FAAIR. 
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3.7.4 Investigation of alternative to H 202 for maximisation of 
ferulate coupling 
In an attempt to keep the formation of diferulate groups in the cell wall, after 
removal of an inhibitor, as natural a process as possible, the use of a fungal elicitor of 
oxidative coupling instead of exogenous H202 was tested. Heterobasidium 
parviporum is a pathogen of spruce (Picea abies) in which, after fungal attack, an 
oxidative burst causes the formation of oxidative linkages within the cell wall to 
protect against subsequent fungal intrusion. The oxidative burst may cause the 
formation of diferulate groups, amongst others, which causes structural strengthening 
of the cell wall (Buy et al., 2003). This increase in strength makes it more difficult 
for the pathogen to penetrate further into the plant tissue. 
The effectiveness H. parviporum as an elicitor of diferulate formation was 
tested. Cell-suspension cultures of 7-d-old maize containing 0 or 5 niM NaT, in 
duplicate, were incubated for 1 h, after which [ 14C]cinnamic acid was fed as a single 
dose. The cultures were further incubated for 24 h at which point a sample of cells 
and medium was removed. The polymer-esterified ' 4C-derivatives present in the 
SEPs were extracted and analysed by TLC and autoradiography. 
The remaining cells were washed free of the NaT with fresh medium, 
resuspended in fresh medium and split into four smaller cultures. For each 
concentration of Nal, two of the small cultures were incubated in standard medium 
and the remaining two from each concentration of NaT were incubated in medium 
with H202 or H. parviporum (Table 3.2). 
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Table 3.2. Post inhibitor treatment of maize cells treated with NaT as a diferulate 






5mM H 20 
H 202 
5mM H 20 
H. parviporum 
0mM H 20 
H202 
0mM H 20 
H. parviporum 
After 1 h incubation, one culture from each incubation (1120, 11202 or H. 
parviporum) was removed and the polymer-esterified 14C-derivatives were extracted. 
The remaining cultures had their polymer-esterified 14C-derivatives extracted after 8 
h. All extracted polymer-esterified ' 4C-derivatives were analysed by 
autoradioagraphy of TLC plates. 
After 24 h incubation with 5 mM NaT, there was clearly a spot of radioactivity 
that co-migrated with an internal marker of 5-5'-diferulic acid (Fig. 3.37). When this 
spot is compared with the same spot from the sample which had no inhibitor added (0 
mM Nal) is seems that there has been almost no inhibition of diferulate formation in 
this case (Fig. 3.37). This was not expected as previous results (Fig.3.33 and 3.35) 
showed that 5 mM Nal had caused partial inhibition of diferulate formation, although 
it was not complete inhibition. 
Removal of Nal caused a decrease in radioactivity that co-migrated with an 
internal marker of ferulic acid (Fig. 3.37). This decrease was most pronounced in 
samples that were initially treated with 5 mM NaT. Samples that were treated with 0 
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mM NaT did not exhibit such a visible decrease (Fig. 3.37). However, when all spots 
that co-migrated with an internal marker of ferulic acid were cut from the TLC and 
assayed for radioactivity by scintillation counting, all samples showed a decrease in 
[ 14C]ferulic acid after removal of Nal (Fig. 3.39). Initially, all [ 14C]ferulic acid levels 
were similar, apart one that was treated with 5 mM NaT. At the 24-h stage all the 
treatments were identical apart from Nal concentration and so this high level of 
14C] ferulate was not related to treatment after removal of the inhibitor. 
The results of assaying spots of radioactivity that co-migrated with an internal 
marker of 5-5'-diferulic acid and the spot immediately above (potentially 8-0-4 
diferulic acid) were not expected, in light of previous results (Fig. 3.38). Samples 
which were treated with 5 mM NaT for 24 h contained more [ 14C]diferulate than those 
which were treated with no NaT (0 mM NaT), the opposite of what would have been 
expected. After removal of the inhibitor, [ 14C]diferulate increased in all cases. The 
biggest increase in [ 14C]diferulate resulted from samples that were initially treated 
with 5 mM NaT and then H202 or H. parviporum. However, as samples treated with 
H202 started off with a lower amount of [ 14C]diferulate, this treatment seems to be the 
most effective at maximisation of diferulate synthesis after inhibition, though the 
difference between the two treatments was slight. 
H. parviporum elicitation also caused an increase in what was likely to be 
larger than ferulate dimer coupling product, i.e., material that remained at the TLC 
origin or migrated to below the 5-5'-diferulic acid marker (Fig. 3.37). Again 
however, this increase was similar to that caused by treatment with H202. 
To illustrate the point made earlier (Section 3.7.3) about the effect the 
polymer-esterified 14C-derivatives that arise from 5BPs may have had on the 
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interpretation of results if they were not separated from cell wall material, the SEPs 
present in the medium were isolated and the polymer-esterified 14C-derivatives were 
extracted and analysed by TLC (Fig. 3.40). It is clear from Fig. 3.40 that there was a 
large amount of 14C-material that was polymer-esterified to SEPs, especial 
[ 14C]ferulate. If the SEPs had not been removed from the samples from which cell 
wall polymer-esterified 14C-derivatives were extracted, the results would clearly have 
been affected. The removal of SEPs through the treatment of cell-suspension cultures 
to produce FAAIR was therefore incorporated into all future protocols. 
In conclusion, the use of the fungal elicitor produced by H. parviporum did 
not cause an increase in the formation of [ 14C]diferulate compared to H202. As a 
results it was decided to continue to use H202 to maximise the production of 
[ 14C]diferulate in cell-suspension cultures which have previously been treated with an 
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Figure 3.37. TLC of polymer-esterified 14C-derivatives from 7-d-old maize treated with Nal. 
[ 14C]Cinnarnic acid (6 kBq; 0.35 nmol) was fed to each culture (2.4 ml) and incubated. After 24 h a sample (400 il) was removed. Nal was removed 
from the remainder of the culture which was split into four cultures of 400 il. 1 -1202 (1 mM final cone.), H. pan'iporum or 1-120 was added to each 
culture which was incubated for I or 8 h, after which polymer-esterified material was extracted. All polymer-esterified material extracted at each 
timepoint, containing internal markers (phenolic acids, as Fig.3.2), was analysed for 14C-derivatives by TLC in BzA (9:1) and autoradiography. 
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Figure 3.38. Comparison of polymer-esterified [' 4C]diferulic acid in maize cultures 
treated with H. purviporum or 1l202. 
Cell-suspension cultures (2.4 ml) of 7-d-old maize were incubated with 5 or 0 mM 
Nal for I h, after which [' 4Cjcinnamic acid (6 kBq: 0.35 nrnol) was fed to each 
culture. Samples (400 tl) were removed after 24 h. The remaining cells were 
washed free of Nal and divided into 4 x  400 p1 cultures and resuspended with fresh 
medium. Cultures had either H 20, H202 or H. parviporum added and were further 
incubated for 1 of 8 h when the entire culture (400 .il) was harvested. Total polymer-
esterifled ' 4 C-derivatives were extracted from each sample were analysed by TLC 
and autoradiography. The spots that co-migrated with an internal marker of 5-5'-
diferulic acid and the spot that ran immediately above the marker were cut from the 
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Figure 3.39. Comparison of polymer-esterifled [ 14C]ferulic acid in maize cultures 
treated with H. parviporum or H202. 
As Figure 3.38 except the spots that co-migrated with an internal marker of ferulic 
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Figure 3.40. Polymer-esterified 14C-derivatives present in SEPs. 
Cell-suspension cultures (2.4 ml) of 7-d-old maize were incubated with 5 or 0 mM Na! for 1 h, after which [' 4C]cinriamic acid (6 kBq;0.35 
nmol) was fed to each culture. Samples (400 tl) were removed after 24 h and the remaining cells were washed free of Nal. SEPs were 
extracted from the washings by precipitation with 80% EtOH and 1% tamarind xyloglucan. SEPs were washed free of supernatant and 
polymer-esterified 14C-derivatives were extracted. Total extracted material was analysed by TLC in BzA (9:1) and autoradiography. 
Internal markers detected with UV. Overlaid grid was used to pinpoint migration of compounds and to compare them to migrations of 
internal markers. 
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3.7.5 Direct comparison of sodium iodide and potassium iodide as 
inhibitors 
Previous experiments did not provide a conclusive answer as to which 
inhibitor of peroxidase was able to limit [ 14C]diferulate formation most effectively. 
Previous studies (Encina & Fry, 2005) have suggested KI to be an extremely effective 
inhibitor at concentrations as low a 1 mM. However, it was found (Section 1.7.2) that 
even at 5 mM, [ 14C]diferulate was formed in the presence of KI. Nal also did not 
completely inhibit [ 14C]diferulate formation (Section 1.7.3), though again it did limit 
its formation. In theory there should be no difference between KI and NaT as a 
peroxidase inhibitor as it is the iodide ion which acts as the inhibitor. The affect of 
the potassium or sodium ion on the ability of the iodide groups to act as a peroxidase 
inhibitor was tested by a direct comparison of both. 
Maize cell-suspension cultures (7-d-old) were incubated with 5 mM NaT, 
NaCl, KI, KC1 or H20 for 1 h before the addition of [ 14C]cinnamic acid. After a 
further 24 h incubation, a sample of cells and medium was removed. Analysis of the 
polymer-esterified ' 4C-derivatives at this stage should show which inhibitor has been 
the most effective. Comparison of the NaCl and KC1 samples should also show 
whether the cation has an effect on [ 14C]diferulate formation. As with all inhibitor 
experiments, the remaining cells were washed free of inhibitor and the ability of 
[ 14C]diferulic acid formation to return was tested through the addition of H20 2 or 
H20. 
Inspection of the polymer-esterified 14C-derivatives again showed that the 
inhibition of [ 14C]diferulic acid was not complete (Fig. 3.41). In cultures treated with 
NaT and KI a spot of radioactivity that co-migrated with an internal marker of 5-5'- 
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diferulic acid is visible after 24 h incubation with the inhibitors. However, in both 
cases this spot seemed less intensive than the same spot in the H20 control. 
Again in both cases, the [ 14C]diferulic acid spot in iodide-treated cultures was 
less intensive than the same spot in the chloride-treated cultures. This would suggest 
that the iodide is in fact playing a role in the inhibition of peroxidase, not the cation to 
which it is associated. 
Further analysis of the TLC by scintillation counting of [ 14C]diferulic acid 
spots, and the spot immediately above, showed that KI was a more effective inhibitor, 
as after 24 h incubation there was less [ 14C]diferulic acid present than in cultures that 
were treated with Nal (Fig. 3.42). The ability of [ 14C]diferulic acid formation to 
return after removal of the inhibitor was also most noticeable in the culture which 
was treated with KI. These results point to KI being the best inhibitor as it inhibited 
the formation of [ 14C]diferulic acid the most and, after its removal, the formation of 
[ 14C]diferulic acid increased to the highest amount out of all the samples. 
In this direct comparison of inhibitors, KI has shown itself to be the most 
effective. However, in previous experiments NaT was found to be the most effective 
inhibitor when tested against a range a potential inhibitors other than KI. As there is 
no clear cut answer to which inhibitor was the most effective at inhibiting 
[ 14C]diferulic acid formation any future experiments in which an inhibitor is required 
will be carried out in duplicate, with a different inhibitor used in each replicate. This 
will ensure that maximal inhibition of [ 14C]diferulic acid will be carried out. 
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Figure 3.41. TLC of polymer-esterified 14C-derivatives from 7-d-old maize treated with Nal or KI. 
1' 4CjCinnarnic acid (6 kBq: 0.35 nmol) was fed to each culture (2.4 ml) and incubated, after 24 h a sample (400 Al) was removed. The inhibitor was 
removed from the remainder of the culture which was split into four cultures of 400 jil. 1 -1202 (1 mM final conc.), or 1-120 was added to each culture 
which was incubated for I or 8 h, after which polymer-esterified material was extracted. All polymer-esterified material extracted at each tirnepoint, 
containing internal markers (phenolic acids, as Fig 3.2), were analysed for ' 4C-derivatives by TLC in BzA (9:1 )and autoradiography. Markers detected 
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Figure 3.41. Continued. 
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Figure 3.41. Continued. 
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Figure 3.42. Changes in polymer-esterified 114C ]diferulate  in maize cultures treated 
with Nal or K! 
As Figure 141 except spots that co-migrated with an internal marker of 5-5'-diferulic 
acid and the spot that ran immediately above the marker were cut from the TLC plate 
and assayed for radioactivity by scintillation counting. 
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3.8 Evidence supporting the existence of an interpolymeric 
diferuloyl linkage 
Experiments investigating the effectiveness of [ 14C]diferulate formation 
inhibitors provided some evidence which supports the existence of an interpolymeric 
diferuloyl linkage. A portion of the 14C-feruloylated polysaccharides formed in the 
presence of inhibitors appeared to pass through the cell wall directly into the cultures 
medium where they accumulated as soluble extracellular polysaccharides (SEPs) 
(Table 3.2). This suggests that the inhibition of diferulate formation prevents the 
integration of newly syhthesised arabinoxylans into the cell wall as diferulate 
interpolymeric diferulate linkages may be required to anchor the polysaccharides into 
the cell wall. 
Table 3.2. Radioactivity released from cell-suspension cultures treated with 
diferulate formation inhibitors. 
Cell-suspension cultures were treated with a range of inhibitors and incubated for 1 h 
after which [ 14C]cinnamic acid (1 kBq)was fed. After 24 h incubation, a sample of 
medium was removed. Polymeric material in the medium was precipitated and 
assayed for radioactivity by scintillation counting. 
Inhibitor Radioactive SEPs released into 





5 mM cysteine 60 
None (H20 rep. 1) 45 
None (H20 rep. 2) 44 
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3.9 Using [13C]glucose as a carbon source to investigate the 
existence of an interpolymeric diferuloyl linkage 
The premise of this experimental setup is that switching the cell's carbon 
source from [12C]  glucose to [13C]  glucose will cause the formation of a 12C1 13 C 
interface within the cell wall (Fig. 3.43A; red and yellow sections of cell wall). 
However, the presence of an inhibitor meant that there would be low levels of 
diferulate groups within the wall at this interface (see Fig. 2.4, p. 52 for an overview 
of the method). Removal of the inhibitor and the addition of H202 would initiate the 
formation of diferulate groups, some of which would be formed across the 12C1 13 C 
interface if an intermolecular linkage is able form. Extraction and purification of 
diferulate groups followed by mass spectrometry may identify diferulate groups 
which contains ten 1 2  C atoms and ten ' 3 C atoms. Owing to the change in carbon 
source I propose that detection of such a diferulate group, in the form of a ferulate 
group made up of entirely ' 3 C and a ferulate group made up of 12C, would suggest 
that the diferulate linkage is between two distinct polysaccharides—one made from 
' 2C and one made from 13C (Fig. 3.43). 
Further evidence towards the existence of an intermolecular diferulate linkage 
could be gathered from the analysis of Fer-Ara groups released from AIR by mild 
acid. If the majority of Fer-Ara groups are made up of entirely 12C atoms or 
atoms, it would suggest that ferulate groups were esterified to polysaccharides made 
from the same isotope (Fig.3.43). 
Results such as those described above would prove that an interpolymeric 
diferuloyl linkage is present with the cell walls of maize cell-suspension cultures. 
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The amalgamation of previous preliminary experiments provided a framework 
of protocols which allowed the existence of an interpolymeric diferuloyl linkage to be 
tested. Initially a cell-suspension culture, maize, was identified which was able to 
remove from the medium a labelled precursor of ferulic acid. The precursor, 
[14C] cinnamic acid, was metabolised by the cell and products were incorporated into 
its cell walls. Further investigation identified 7-d-old maize cell-suspension cultures 
as those in which intraprotoplasmic coupling of ferulate groups was minimal. 
Although 7-d-old maize displayed the lowest degree of intraprotoplasmic 
feruloyl coupling, it was obvious that some intraprotoplasmic coupling was still 
taking place as diferulic acid was synthesised when the polysaccharide to which it 
was esterified was still in transit to the cell wall (Section 1.6.2). In an attempt to 
further reduce diferulate formation, a variety of diferulate formation inhibitors were 
tested. KI and Nal were found to be the most effective inhibitors and, after their 
removal, diferulate formation returned and was increased with the addition of H202. 
The use of an inhibitor and H202 allows the formation of diferulate groups in the cell 
wall to be controlled, as they will be unable to form until the inhibitor has been 
removed. These finding form the basis of the following investigation which utilised 
[13C] glucose as the labelled precursor to test the existence of an interpolymeric 
diferuloyl linkage. 
[ 13C]Glucose medium was prepared and before cells were added, Nal or KI was 
mixed with the medium. The culture, with [ 13 C]glucose and inhibitor, was incubated 
for 24 h, after which a sample of cells and medium was removed. The remaining 
cells were washed free of the inhibitor with C-free fresh medium and resuspended in 
C-free medium. The culture then had H202 added, to maximise diferulate formation, 
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and samples of cells and medium were removed after 1, 3 and 8 h. An alcohol-
insoluble residue was prepared from each sample, which was then split into two 
portions. Each portion was subjected to a different treatment to enable different 
fragments of the cell wall to be extracted and purified. 
Treatment with mild acid allowed the extraction of feruloyl-arabinose (Fer-
Ara) and feruloyl(xylosyl)arabinose (Fer(Xyl)Ara) through the cleavage of the 
glycosidic linkage between the arabinose side-chain xylose backbone and the xylose 
backbone. As this is a furanosidic bond, it is weaker than the backbone pyranosidic 
bonds and so it will be cleaved by mild acid whereas the backbone will not. The 
side-chains cleaved from the backbone underwent four purification steps, consisting 
Of C18 column purification and paper chromatography, to ensure that Fer-Ara and 
Fer(Xyl)Ara were pure enough for mass spectrometry. 
Mild alkali treatment was used for the saponification of ester-linkages which 
connect phenolics to sugar residues in the cell wall. HPLC was used to purify ferulic 
acid and compounds which were identified as ferulate dimers through analysis of 
their retention times and absorption spectra. 
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Figure 3.43. Explanation of potential mass spectroscopy results after [' 3C]glucose 
labelling. 
A: Point of action of mild acid treatment for the release of Fer-Ara. B: Point of 
action of mild alkali treatment to release ferulate dimers. C: Dimer group consisting 
of [' 2C]Fer and [' 3C]Fer; Fer-Ara groups consisting of a single isotope. D: If all 
structures in C are identified. then this structure is deduced. F: Structure of 
intermolecular linkage identified by 13 C/ 12 C labelling. 
E and 0 represent ferulate residues. Q and Q represent arabinose residues and 
o and  represent xylose residues. Red shapes denote material those which has 
been newly labelled with 13 C and yellow shapes denote 12C material which was 
already present in the cell wall. 
+ H 202 
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3.9.1 [13C]Glucose feeding with Nal as inhibitor 
Conditions for the optimal release of Fer-Ara and Fer(Xyl)Ara were tested 
and it was found that incubation with mild acid at 85°C for 6 h was optimal (Fig. 
3.44). These conditions caused the release of high levels of the compounds of 
interest, with minimal breakdown into ferulic acid and arabinose (Saulnier et al., 
1995). This was visible when samples were incubated for longer than 6 h, the spot of 
ferulic acid being clearly more visible after 6 h of incubation. This is due to the 
eventual hydrolysis of the ester-linkages that bind the ferulate groups to the 
polysaccharide. 
Hydrolysate produced from the mild acid hydrolysis of [' 3 C] and [ 14C]FAAIR 
samples from each timepoint was applied directly onto C18 columns. Material was 
washed off the column with an increasing MeOH gradient. Fractions in which Fer-
Ara and Fer(Xyl)Ara eluted from the column were identified by assaying each of the 
fractions for absorbance at 280 and 320 nm. Peaks of absorbance were observed in 
fractions 2 and 5 (H20 and 40% MeOH eluate respectively) (Fig. 3.45 and 3.46) and 
these fraction were analysed further. 
Analysis of fraction 5 by paper chromatography in BAW showed it to be rich 
in material which co-migrated with external markers of Fer-Ara and Fer(Xyl)Ara 
(Fig. 3.47 and 3.48). The identification of these compounds followed the findings of 
Wende & Fry (1997). Spots on the paper chromatogram other than Fer-Ara and 
Fer(Xyl)Ara were also phenolic-containing compounds, as indicated by their 
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characteristic fluorescence under UV366, but are likely to be larger sidechains cleaved 
off by the mild acid treatment. 
Fractions 4 and 6, which were also analysed by paper chromatography, did 
not contain Fer-Ara or Fer(Xyl)Ara to any great degree. The material in fraction 6 
was likely to be material that was contained in the bed volume of the column during 
the elution of fraction 5. It was not washed from the column until the fraction 6 
eluent was added. 
Fer-Ara and Fer(Xyl)Ara identified in fraction 5 were eluted from the BAW 
paper chromatograms and subjected to a further round of purification by paper 
chromatography in BEW. This solvent would separate out any phenolics esterified to 
a sugar, meaning that if any phenolics other than ferulic acid are esterified to sugar 
residues then more than one spot would appear on the chromatograms (Fry, 1982). 
Analysis of the paper chromatograms showed there to be only single spots of 
compounds, which co-migrated with external markers of Fer-Ara and Fer(Xyl)Ara 
(Fig. 3.49, 3.50 and 3.51). The tracks of [ 14C]Fer-Ara and Fer(Xyl)Ara were cut into 
strips and assayed for radioactivity by scintillation counting. In each case a single 
peak of radioactivity, which migrated with the fluorescent spot, was present. This 
provides evidence that the Fer-Ara and Fer(Xyl)Ara were pure. Also, the 
incorporation of 14C from [ 14C]glucose into these compounds suggests that 13 C, from 
[ 13C]glucose, would also have been incorporated. 
As a final purification step, [' 3C] and [ 14C]Fer-Ara and Fer(Xyl)Ara were 
eluted from the BEW paper chromatograms and passed through C18 columns. The 
same eluents were used as before. This step will remove any impurities picked up 
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from the paper when the samples were eluted from the paper chromatograms. Each 
fraction from the columns was assayed for absorbance at 280 and 320 nm (Fig. 3.52). 
Material other than Fer-Ara and Fer(Xyl)Ara was purified from the TFA 
hydrolysate. Fraction 1 from the first round of C18 chromatography was found to 
contain monosaccharides after analysis by paper chromatography (Fig. 3.53) and it 
was from this fraction that [ 13C]arabinose was purified by paper chromatography. 
To confirm the identity of the compound that co-migrated with an external 
marker of Fer-Ara, the compound was saponified and a portion of the EtOAc phase 
and the aqueous phase was assayed for radioactivity. As ferulic acid is a CIO 
compound and arabinose is a C5 compound, the ratio between the two phases would 
be 2:1 if every C was radiolabelled to the same atomic specific radioactivity (Table 
3.3). 
Table 3.3. Ratio of radioactivity in the EtOAc phase and the aqueous phase after 
saponification of purified [ 14C]Fer-Ara. 
Time point EtOAc phase  
:Aqueous phase 
24h 7.4:1 
H202 1 h 9.6:1 
H2023h 6.7:1 
H2028h 5.9:1 
The ratio between the two phases is clearly not the expected 2:1 and there are 
two main explanations as to why this may be: the samples of Fer-Ara may have been 
contaminated by a compound that we were unable to separate from Fer-Ara; or there 
may have been incomplete saponification of the Fer-Ara and the influence of the 
ferulate on the Fer-Ara may have been enough to cause un-saponified Fer-Ara to 
mo 
partition into the EtOAc phase. This would account for the large amount of 
radioactivity present in the EtOAc phase. 
The partitioning of un-saponified Fer-Ara was tested with hydrosylate 
produced from the mild acid hydrolysis of maize AIR (Fig. 3.54). It is clear that Fer-
Ara was present in both the EtOAc phase and the aqueous phase, the majority of 
which is in the EtOAc phase. This means that if the saponification of [ 14C]Fer-Ara 
was incomplete, the majority of the remaining [ 14CJFer-Ara would appear in the 
EtOAc phase. Both the EtOAc phase and the aqueous phase from the saponification 
of [ 14C]Fer-Ara were analysed in an attempt to find out if the saponification was 
incomplete (Fig. 3.55 and 3.56). Analysis of the aqueous phase by paper 
chromatography (Fig. 3.56) resulted in a single spot of radioactivity which co-
migrated with an external marker of arabinose. This indicated that arabinose was the 
only hydrophilic compound contained in the material which was saponified. At each 
timepoint the EtOAc phase gave one spot of radioactivity which migrated from the 
origin (Fig. 3.55). This spot co-migrated with an internal marker of ferulic acid 
which indicates that ferulic acid was the only phenolic compound which was 
esterified to arabinose. There was also another spot of radioactivity present on the 
TLC of the EtOAc phase which remained at the origin. This is likely to be un-
saponified [ 14C]Fer-Ara remaining from the original sample and would account for 
the increase [' 4C]Fer:[' 4C]Ara ratio from the expected 2:1. 
In an attempt to rectify the [ 14C]Fer:[ 14C]Ara ratio, the [ 14C]ferulic acid spot 
was cut from the TLC and assayed for radioactivity by scinitillation counting (Table 
3.4). Radioactivity assayed by this method would give a more accurate 
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['4C]Fer:['4C]Ara ratio as the constituent parts were much more pure than when the 
ratio was calculated previously. 
Table 3.4. Ratio of radioactivity present in [ 14C]Fer and [ 14C]Ara released after the 
saponification of [ 14C]Fer-Ara. 
Time point [ 14C]Fer:I 14CIAra 
24h 0.45:1 
H202 1 h 0.65:1 
H2023h 0.26:1 
H2028h 0.24:1 
Re-calculation of the [ 14C]Fer:[ 14C]Ara ratio from purified [ 14C]Fer and 
[ 14C]Ara again did not give a 2:1 ratio. In this case the low [ 14C]Fer value may 
suggest that there was incomplete labelling of ferulate residues i.e., not all C atoms 
were labelled to the same atomic specific radioacivity. 
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Figure 3.44. Material present in mild TFA hydrolysis of maize AIR. 
Maize AIR (2-d-old; 10 mg) was incubated with 1 ml 0.1 M TFA at 85°C. At various 
timepoints 75 tl of hydrolysate was removed and applied to Whatman No. I paper. 
When all timepoints were removed, samples were developed in BAW (12:3:5). Spots 
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Figure 3.45. Absorbance of [ 13C]FAATR mild acid hydrolysate C18 column fractions. 
Portions of FAAIR which were labelled through feeding cells with [13C  ]glucose were 
treated with mild acid (0.1 M TFA) for 6 h at 85°C after which the hydrolysate was 
applied to a C 18 column, which had been activated with 100% MeOl-1 and E1 20. 
Material was washed from the column with an increasing MeOH gradient. Fractions 
were assayed for absorbance at 280 and 320 nm. The sample was applied to the 
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Figure 3.46. Absorbance of [' 4C]FAAIR mild acid hydrolysate C18 column fractions. 
As Figure 3.45 except FAAIR was 4 C-lahelled by feeding cell [' 4C]glucose. 
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Figure 3.47. Paper chromatogram of selected C18 column fractions. 
Selected fractions from C18 column chromatography of mild TFA hidrolysis of 13C 
FAAIR were applied to paper and developed in BAW (12:3:5). L C-24 h denotes 
samples from 24 h timepoint. 13 C-1 h, 3 h and 8 h denotes samples incubated with 
H202 for I h. 3 h or 8 h. Samples and external markers were viewed with UV 366 and 
NH3- Samples show up as light spots on a dark background, the inverse of which is 
shown for clarity. 
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Figure 3.48. Paper chromatogram of selected C18 column fractions. 
As Figure 3.47 but with ' 4C FAAIR. 
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Figure 3.49. Paper chromatogram of purified [' 4C]Fer-Ara. 
[ 14C]Fer-Ara eluted from BAW paper chromatograms was developed in 
BEW(20:5:1 1). Samples were located with UV 366 and NH3 (A). Each track was then 
marked with lines in preparation for scintillation counting of sections of the 
chromatogram (B). Paper sections were assayed for radioactivity by scintillation 
counting (C). 
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Figure 3.50. Paper chromatogram of purified [ 14C]Fer(XyI)Ara. 
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Figure 3.51. [ 13 C]Fer-Ara and [' 3C]Fer(Xyl)Ara purified by paper chromatography. 
[ 13 C]Fer-Ara and [ 13CFer(Xyl)Ara were eluted from BAW paper chromatograms and 
developed in BEW (20:5:11). Samples and markers were located with UV366 and 
NH3. 
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Figure 352. Absorbance of
- 
 purified [ 13 C  ]Fer-Ara and [13 C]Fer(Xyl)Ara. 
Purified [ 13 C]Fer-Ara and [ 3 C]Fer(XyI)Ara were applied to C18 columns in I ml 
1120. Material was eluted from the column with an increasing MeOH gradient. 
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Figure 3.53. Purification of [ 13C]arabinose. 
Fraction I eluted from the C 1 8 column purification of mild acid hydrolysate. 
containing material which did not hind to the column when the sample was loaded 
onto the column, was analysed by paper chromatography in EPW (8:2:1). External 
markers on each side of the samples were located with aniline hydrogen phthalate, 
and then used to estimate the region on the paper chromatogram where [ 13 Clarahinose 
was located (shown as white unstained region). The regions surrounding 
[' 3C]arabinose were also stained with aniline hydrogen phthalate. 
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Figure 3.54. Paper chromatogram showing the partitioning of Fer-Ara between 
EtOAc and an aqueous solution. 
Maize AIR was treated with 0.1 M NaOH (10 rng AIR / ml) at 85°C for 6 h, after 
which 200 tl was mixed with 2 ml EtOAc. The two phases were left to settle and 
then the EtOAc phase was removed, 250 .tI of which was applied to the paper 
chromatogram (EtOAc phase 1) and 25 tl of the aqueous phase was applied to the 
chromatogram (Aqueous phase 1). Two subsequent partitions were carried out with 1 
ml EtOAc where 125 il of the EtOAc phase and 25 tl of the aqueous phase was 
applied to the chromatogram (EtOAc and Aqueous phase 2 and 3 respectively). 
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Figure 3.55. TLC of EtOAc phase after saponification of [' 4C]Fer-Ara. 
Purified [ 14 C]Fer-Ara. in 1 ml H20, was saponified with 2 ml 0.1 M NaOH. then acidified with 500 .tl 2 M TFA. The sample was then 
partitioned with 2 ml EtOAc, which was repeated with 3 x  I ml EtOAc. The EtOAc phase was dried down and re dissolved in 25 l PrOH, 
20 pd of which was analysed by TLC in BzA (9:1) and autoradiography. Markers were detected with UV254. The overlaid grid was used to 
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Figure 3.56. Paper chromatogram of aqueous phase after saponification of [ 14C]Fer-
Ara. 
Purified [ 14C]Fer-Ara, in 1 ml H20, was saponified with 2 ml 0.1 M NaOH, then 
acidified with 500 jil 2 M TFA. The sample was then partitioned with EtOAc. The 
aqueous phase was analysed by paper chromatography in BAW (12:3:5). Each track 
was then cut into strips and each section was assayed for radioactivity by scintillation 
counting. External markers were detected with aniline hydrogen phthalate. 
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3.9.1.1 Mild alkali treatment 
Diferulate groups were extracted from FAAIR by saponification of the ester-
linkages which bind then to polysaccharides. Polymer-esterified 14C-derivatives were 
analysed by TLC and it was found that this experimental protocol caused the release 
of material that co-migrated with an internal marker of 5-5-diferulic acid (Fig. 3.57). 
The incorporation of 14C into diferulate groups suggests that the [ 13 C]glucose-fed 
cells could incorporate 13C into diferulate groups. 
Polymer-esterified ' 3C-derivatives were analysed by HPLC. 	Material 
produced at each timepoint was found to contain four peaks which had absorbance 
spectra similar to those of know diferulic acids (Waldron et al., 1997) (Fig. 3.58-
3.61, potential ferulate dimers 1-4). These peaks were collected and analysed by 
mass spectrometry to find out how many ' 3 C atoms were contained in molecules 
which are believed to be ferulate dimers. Application of a marker of ferulic acid to 
the column resulted in the elution of two peaks—trans- and cis-ferulic acid. In each 
of the four samples, both trans- and cis-ferulic acid were collected separately for 
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Figure 3.57. TLC of polymer-esterified 14C-derivatives extracted from [' 4C]glucose-fed cells. 
[ 14 C]Glucose (3.7 MBq) and Nal (5 mM) was fed to 20 ml of 7-d-old maize cell-suspension culture and incubated for 24 h when a sample 
(4 ml) of cells and medium was removed. The inhibitor was removed from the remainder of the culture to which H 202 0  mM final conc.) 
was added. Further samples were removed after 1, 3 or 8 h. Polymer-esterified 14C-derivatives extracted at each timepoint, containing 
internal markers (phenolic acids), were analysed for 14C-derivatives by TLC in BzA (9:1) and autoradiography. Internal and external 
markers were detected with UV 254 . The overlaid grid was used to pinpoint migration of compounds and to compare them to migrations of 
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Figure 3.58. HPLC chromatogram of polymer-esterified ' 3 C-derivatives extracted 
from FAAIR from [ 13 C]glucose 24 h timepoint. 
FAAIR was treated with 0.1 M NaOH for 18 h in the dark. Extracted polymer-
esterified ' 3 C-derivatives (50%) were loaded onto a reverse-phase C18 column and 
eluted with an increasing MeOH gradient. The absorbance spectra of the eluate were 
constantly monitored peak diagrams at 325 nm are shown. Top and bottom 
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Figure 3.59. HPLC chromatogram of polymer-esterified 13 C-derivatives extracted 
from FAAIR from [13C]  glucose 24 h, then H202 1-h timepoint. 
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Figure 3.60. HPLC chromatogram of polymer-esterified ' 3C-derivatives extracted 
from FAAIR from [ 13C]glucose 24 h, then H202 3-h timepoint. 
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Figure 3.61. HPLC chromatogram of polymer-esterified ' 3 C-derivatives extracted 
from FAAIR from [13C]  glucose 24 h, then H202 8-h timepoint. 
As Figure 3.58. 
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3.9.2 [13C]Glucose feeding with KI as inhibitor 
As mentioned in Section 3.7.5, all future experiments would be carried out in 
duplicate to allow both Nal and KI to be used as an inhibitor of diferulate formation. 
This experiment is a repeat of the experiment carried out in Section 3.9.1 with KI as 
the inhibitor instead of NaT. All other methods were identical to the previous 
experiment. In addition to cultures being fed with [' 3 C] and 
[14C] glucose, a 
[12C] glucose-fed  culture was harvested to provide some reference material for when 
' 3 C-material was analysed by mass spectrometry. 
As with the experiment in which NaT was used as the diferulate formation 
inhibitor, the hydrolysate produced from the mild acid hydrolysis of [' 2C], [' 3 C] and 
[' 4C]FAAIR, from the feeding of cultures with [ 12C], [' 3C] and 
[14C]  glucose 
respectively, was applied directly onto C18 columns. Material was washed off the 
columns with an increasing MeOH gradient and the fraction in which Fer-Ara and 
Fer(Xyl)Ara were eluted was identified by peaks of absorbance at 280 and 320 nm. 
Peaks in absorbance were found in fractions 2 and 5 (Fig. 3.62-64). 
Analysis of the radioactivity present in the fractions from the [14C]  glucose 
experiment found the largest peak to be in fraction 1. The amount of radioactivity 
decreased in each of the subsequent fractions (Fig. 3.64). 
Paper chromatography of fraction 5 showed it to be rich in material which co-
migrated with external markers of Fer-Ara and Fer(Xyl)Ara (Fig. 3.65 and 3.66). 
Again, the compounds were identified following the findings of Wende and Fry 
(1997). Fluorescent spots on the paper chromatogram other than Fer-Ara and 
Fer(Xyl)Ara were also phenolic-containing compounds as indicated by their 
characteristic fluorescence under UV366. 
168 
Incorporation of 14C into Fer-Ara and Fer(Xyl)Ara was confirmed through 
scintillation counting of the tracks of fraction 5 which had been cut into strips. In 
each sample there was a peak of radioactivity which migrated with external markers 
of Fer-Ara and Fer(Xyl)Ara (Fig. 3.66). The incorporation of 14C into these 
compounds from [14C]  glucose feeding would suggest that 13 C from 
[13C]  glucose 
feeding would also have been incorporated. 
Fer-Ara and Fer(Xyl)Ara identified by paper chromatography in BAW were 
eluted and further purified by paper chromatography in BEW. BEW is known to 
separate Fer-esters from Cou-esters and so provide a further purification step (Fry, 
1982). In each sample of [ 12C], [ 13 C] or [ 14C]Fer-Ara and Fer(Xyl)Ara there was on 
a single spot of material which co-migrated with external markers of Fer-Ara and 
Fer(Xyl)Ara (Fig. 3.67 and 3.68). As with the BAW paper chromatograms, tracks of 
[ 14C]Fer-Ara and Fer(Xyl)Ara were cut into strips and assayed for radioactivity by 
scintillation counting (Fig. 3.69 and 3.70). In each case there was a single peak of 
radioactivity which migrated with the fluorescent spot. This provides further 
evidence as to the purity of the Fer-Ara and Fer(Xyl)Ara. Also, the incorporation of 
14C into these compounds again suggests that 13 C will be present in the corresponding 
samples from cultures which were fed [ 13 C]glucose. 
The final purification step of [ 12C], [ 13C] or [ 14C]Fer-Ara and Fer(Xyl)Ara 
involved their elution from BEW paper chromatograms and passage through C18 
columns, using the same increasing MeOH gradients as before. This final round of 
purification will removed any impurities picked up from the paper when the samples 
were eluted from the paper chromatograms. Each fraction from the columns was 
assayed for absorbance at 280 and 320 nm (Fig. 3.71 and 3.72). 
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As with the [' 3C]glucose-feeding experiment in which NaT was used as the 
diferulate formation inhibitor, the identity of the compound that co-migrated with an 
external marker of Fer-Ara was tested. The compound was saponified, acidified and 
the entire reaction mixture was analysed by paper chromatography in BAW to find 
the ratio of radioactivity between [ 14C]Fer and [' 4C] (Fig. 3.73 and Table 3.5). 
Table 3.5. Ratio of radioactivity present in [ 14CJFer and [ 14C]Ara released after the 
saponification of [ 14C]Fer-Ara when KI was used as diferulate formation inhibitor. 
Time point [ 14CJFer:[ 14C]Ara 
24h 1.46:1 
H202 1 h 1.51:1 
H202 3h 2.00:1 
H2028h 1.03:1 
It was previously explained why the ratio between the two compounds should be 2:1 
(Section 1.9.1). Calculation of the ratio does give one 2:1 ratio of radioactivity in the 
sample harvested 3 h after H202 treatment (Table 3.5, H202 3 h). However, the three 
other timepoints deviate from the 2:1 ratio. As with the previous experiment, the low 
[ 14C]Fer may suggest that not all of the ten carbon atoms in the ferulate groups were 
labelled with 14C to the same atomic specific activity (Bq/mol carbon atoms). This 
would be a problem if there was incomplete labelling of ferulate residues with ' 3 C as 
we are trying to identify diferulate residues which contain ten ' 3 C atoms and ten 
atoms, to suggest the existence of a diferulate group which spans the 12C/ 13 C 
interface. 
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Figure 3.62. Absorbance of [ 12C]FAAIR mild acid hydrolysate C 18 column fractions. 
Portions of FAAIR were treated with mild acid (0.1 M TFA) for 6 h at 85°C after 
which the hydrolysate applied to a C 18 column, which had been activated with 100% 
MeOl--1 and 11 20. Material was washed from the column using I ml fractions of an 
increasing MeOH gradient. Fractions were assayed for absorbance at 280 and 320 
nm. The sample was applied to the column in fraction 1. previous fractions (-2, -1 
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Figure 3.63. Absorbance of [ 13C]FAAIR mild acid hydrolysate C18 column fractions. 
As Figure 3.62. 
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Figure 3.64. Absorbance of [ 14C]FAAIR mild acid hydrolysate C 18 column fractions. 
As Figure 3.62 for absorbance data. Portions of each fraction were assayed for 
radioactivity by scintillation counting. 
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Figure 3.65. Paper chromatograms of material eluted from C18 columns in fraction 5. 
Material eluted in fraction 5 (40% MeOH) of C18 column separation of mild acid hydrolysate from FAAIR was analysed by paper 
chromatography in BAW (12:3:5). 13C-24 h denotes samples from 24 h timepoint, ' 3C-1 h, 3 h and 8 h denotes samples incubated with 
H202 for I h, 3 h or 8 h after initial 24 h incubation with [' C]glucose. Sample and markers were located with UV 366 and NH 3 . 
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Figure 3.66. Paper chromatogram of C18 column fraction 5 from [ 14C]glucose 
samples to locate Fer-Ara and Fer(Xyl)Ara. 
Individual tracks of [ 14C]glucose C18 column chromatography of hydrolysate from 
14C-FAAIR after TFA hydrolysis. Fraction 5 was applied to paper and developed in 
BAW(12:3:5). Samples and external markers of Fer-Ara and Fer(Xyl)Ara were 
located with UV 366 and NH3. Each track was then marked with lines in preparation 
for scintillation counting of section of the chromatogram. Paper sections were 
assayed for radioactivity by scintillation counting. 
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Figure 3.67. Purification of[' 2 C]. [' 3C] and [' 4C]Fer-Ara. 
Spots that co-migrated with external markers of Fer-Ara were eluted from BAW 
paper chromatograms and re-chrornatographed in BEW (20:5:11). 24 h denotes 
samples from 24 h tirnepoint, 1 h. 3 h and 8 11 denotes samples incubated with 11 202 
for 1 h, 3 h or 8 h after initial 24 h incubation with labelled glucose. Samples and 
markers were located with UV 366 and NH 3 . 
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Figure 3.69. 
Individual tracks of [' 4C]Fer-Ara, developed in BEW(20:5:1 1). Samples were 
located with UV366 and NH3. Each track was then marked with lines in preparation 
for scintillation counting of section of the chromatogram. Paper sections were 











0 	 10 	 20 	 30 	 40 
Distance from origin (cm)  
I 







0 	 10 	 20 	 30 	 40 
Drntwce horn anglO Cm) 








0 	 10 	 20 	 30 	 40 
Dilance from origin (Cm)  
It 







0 	 10 	 20 	 30 	 40 
Olatance from ongOl (Cm) 
Figure 3.70. 
Individual tracks of [' 4CFer(Xyl)Ara. 24 h and H202 3 h timepoint, developed in 
BEW(20:5:1 1). Samples were located with UV 366 and NH3. Each track was then 
marked with lines in preparation for scintillation counting of section of the 
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Figure 3.71. Absorbance of purified [' 2C]Fer-Ara and [ 12C]Fer(Xyl)Ara 
Purified [' 3C]Fer-Ara and [ 13 C]Fer(Xyl)Ara were applied to C 18 columns in I ml H20. 
Material was eluted from the column with an increasing MeOH gradient. Fractions 
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Figure 3.72. Absorbance of purified [ 13C]Fer-Ara and [ 13CIFer(Xyl)Ara 
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Figure 3.73. Paper chromatogram of alkali-treated [ 14C]Fer-Ara. 
Purified [ 14C]Fer-Ara was saponified with 2 ml 0.1 M NaOH, then acidified with 500 
t1 2 M TFA. The mixture was analysed by paper chromatography in BAW (12:3:5). 
Each track was then cut into strips and each section was assayed for radioactivity by 
scintillation counting. 24 h denotes samples from 24 h timepoint, 1 h, 3 h and 8 h 
denotes samples incubated with H 202 for 1 h, 3 h or 8 h after initial 24 h incubation 
with [ 14C]glucose External markers were detected with aniline hydrogen-phthalate or 
Uv366. 
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3.9.2.1 Mild alkali treatment 
In the previous section on mild alkali hydrolysis (section 1.9.1.1) it was 
shown that ' 4C had been incorporated into material which co-migrated with an 
internal marker of 5-5'-diferulic acid (Fig. 3.57). In this experiment, polymer-
esterified material from all isotope-fed cultures was analysed by HPLC. 
The results obtained were very similar to the results from the previous 
experiment—each of the samples analysed contained four peaks which had 
absorption spectra similar to those of known diferulic acids (Waldron et al., 1996). 
Each of the four peaks of interest identified at each timepoint was collected for 
further analysis (Fig 3.74-3.81). Fractions from cultures which were fed [' 2C] and 
[ 13C]glucose were analysed by mass spectrometry. In the case of ' 3C-fed cultures, 
this analysis will provide information about the number of ' 3 C atoms contained in 
ferulate dimers. Material from ' 2C-fed cultures will provide a baseline of 13C which 
occurs in nature. 
Material originating from [ 14C]glucose-fed cultures was assayed for 
radioactivity by scintillation counting to ascertain how much radioactivity was 
present in each peak (Fig. 3.78-3.81). This shows that radioactivity has been 
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Figure 3.74. Elution profile from HPLC of polymer-esterified material extracted 
from [ 12C]FAAIR at 24-h and H202 1-h timepoints. 
FAAIR was treated with 0.1 M NaOH for 18 h in the dark. Extracted material (50%) 
was loaded onto a C18 reverse-phase column and eluted with an increasing MeOH 
gradient. The absorption spectra of the eluate were constantly monitored and a peak 
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Figure 3.75. Elution profile from HPLC of polymer-esterified material extracted 
from [ 12C]FAAIR at H202 3-h and H202 8-h timepoints. 
As Figure 3.74. 
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Figure 3.76. Elution profile from HPLC of polymer-esterified material extracted 
from [' 3 C]FAAIR at 24-h and H202 1-h timepoints. 
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Figure 3.77. Elution profile from HPLC of polymer-esterified material extracted 
from [' 3C]FAAIR at H202 3-h and H202 8-h timepoints. 
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Figure 3.78. Elution profile from HPLC of polymer-esteritied material extracted 
from 1 14 C]FAAIR at 24-h timepoint. 
As Figure 3.74 except portions of each fraction collected (50%) were assayed for 
radioactivity by scintillation counting. 1-IPLC elution rate was 1 mI/mm. Top and 
bottom chromatograms are identical. Note different mAU scale. 
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Figure 3.79. Elution profile from I-IPLC of polymer-esterified material extracted 
from [' 4 C]FAAIR at H 202 1-h tirnepoint. 
As Figure 3.78. 
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Figure 3.80. Elution profile from HPLC of polymer-esterified material extracted 
from [ 14C]FAAIR at H2O-, 3-11 timepoint. 
As figure 3.78. 
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Figure 3.81. Elution profile from HPLC of polymer-esterified material extracted 
from [ 14C]FAAIR at 1-1202 8-h timepoint. 
As figure 3.78. 
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3.10 Mass spectrometry of isolated cell wall fragments 
3.10.1 	MS analysis of arabinose 
Arabinose has a molecular weight of 150. As the mass spectrometry of 
arabinose was carried out in the positive mode, the adduct was AraNa. This means 
that analysis of [ 12C]arabinose will result in a peak at mlz 173. Arabinose is a C5 
compound and if all five C atoms are labelled with 13 C, then there will be an mlz 
peak at 178. 
If the 13 C labelling of arabinose has been complete i.e., all five C atoms of all 
arabinose molecules synthesised after the switch from 12C medium to 13C medium, 
two peaks at m/z 173 and 178 would be expected, representing arabinose from each 
side of the 12C/ 13 C interface. It is clear to see that the peak at 173 is much larger than 
the peak at 178 (Fig. 3.82). In all samples which were fed [13C]  glucose, there is only 
a small peak of material at mlz 178. This suggests that there are some arabinose 
groups in the cell wall in which all five carbon atoms are 13 C labelled, though this 
population is small in comparison to the [ 12C]arabinose population. 
The small peaks between 173 and 178 which have an m/z of 174, 175, 176 
and 177 may represent arabinose molecules which are partially labelled with 13C. 
There may arabinose molecules with between one and five C atoms labelled with 
' 3c. 
Analysis of arabinose isolated from cells which were grown with 
[' 2C]glucose as the sole carbon source resulted in a peak of material at mlz 173 and 
much less at 178 (Fig. 3.82). Peaks other than this are likely to be noise. 
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Figure 3.82. Mass spectra of arahinose isolated from the polysaccharides of cell-
suspension cultures fed [ 12C] or [' 3C]glucose. 
Arabinose was isolated as described in Fig. 3.53 and analysed by positive mode 
electrospray mass spectrometry. Spectra within red limits have been magnified x6. 
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3.10.2 	MS analysis of ferulic acid 
Ferulic acid has a molecular weight of 194. Mass spectrometry of ferulic 
acid was carried out in negative mode. Analysis of [ 12C]ferulic acid will result in a 
peak at mlz 193. Ferulic acid is a C I O compound and if all ten C atoms are labelled 
with 13C, then there will be an mlz peak at 203. 
In all the samples which originated from cultures fed [13C]  glucose the vast 
majority of the ferulic acid analysed had all ten C atoms as ' 2C, as shown by the 
large peak of material with m/z 193 (Fig 3.83). There is a small peak at mlz 203 in 
all these samples which suggests that only a small proportion of ferulic acid in these 
samples have all ten C atoms labelled with 13C. 
Between the m/z peaks of 193 and 203 there is a series of small peaks. These 
may represent ferulic acid molecule which have between one and nine C atoms 
labelled with 13 C. 
In samples from cultures which were fed only [12C]  glucose, the major peak is 
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Figure 3.83. Mass spectra of ferulic acid isolated from cell-suspension cultures fed 
ILCI or [' 3 C]glucose. 
Ferulic acid was isolated as described in Fig. 3.70 and analysed by negative mode 
electrospray mass spectrometry. Spectra within red limits have been magnified x2. 
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3.10.3 	MS analysis of ferulate dimers 
All diferulic acids have a molecular weight of 386 and mass spectroscopy of 
dimers was carried out in the negative mode. If all twenty carbon atoms of diferulic 
acid (a C20 compound) were 12C, then a peak would be expected at mlz 385. In 
diferulic acid isolated from cultures that were fed [ 13C]glucose, we would hope to see 
a peak at m/z 395, indicating that ten carbon atoms were 13 C, indicating that an 'old' 
12C ferulate group had been oxidatively coupled to a 'new' 13C ferulate group. 
Initially, two potential dimers of ferulic acid were analysed—one which had 
an absorption spectrum similar to that of the 8-8A'-linked diferulic acid (potential 
ferulate dimer 1) and one which had an absorption spectrum similar to that of the 8-
5W-linked diferulic acid (potential ferulate dimer 4). Ferulate dimers isolated from 
both the experiment that used Nal as the inhibitor and the experiment which used KI 
as the inhibitor were analysed. 
In all samples analysed, a peak of material with an mlz of 385 was found 
(Fig. 3.84). This is shows that the molecules isolated from the cell wall were indeed 
dimers of ferulic acid. However, in samples isolated from cultures which were fed 
[13C] glucose, there is little evidence of a peak at mlz 395. There is only a slight hint 
of a peak in this position. However, this slight peak is either not present or very 
small in samples with were only fed [ 12C]glucose. This indicates that there may be a 
very small amount of diferulate groups which contain ten 13C labelled carbon atoms 
(Fig. 3.84). 
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Figure 3.84. Mass spectra of potential ferulate dimers I and 4 isolated from cell-
suspension cultures fed [ 12C] or 13 CgIucose. 
Potential ferulate dimers were isolated as described in Fig. 3.74 and analysed by 
negative mode electrospray mass spectrometry. Spectra within red limits have been 
magnified x6 as peaks were low. 
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Figure 3.84. Continued. 
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3.10.4 	MS analysis of Fer-Ara 
Fer-Ara has a molecular weight of 326. As mass spectrometry of Fer-Ara 
was carried out in the positive mode, the adduct was Fer-AraNa, we would expect 
to see an mlz of 349. If all fifteen C atoms of Fer-Ara were 13C, there should be a 
mlz peak at364. 
In the samples from cultures which were fed with [13C]  glucose, there does 
seem to be a small peak at 364 (Fig. 3.85). This peak at 364 does not seem to be as 
big in samples from cultures which were fed only [12C]  glucose, suggesting that it is 
not usually present in cell walls. However, this is not by any means a major peak 
and in the majority of the samples it seems to be overshadowed by a peak at 365. 
The source of this peak is Fer-AraK. 
It is interesting to point out that in all the ' 3 C-containing samples there is a 
peak at mlz 354 (Fig. 3.85). This may be a result of a Fer-Ara group which consists 
of a ferulic acid molecule which contains only ' 2C and a ' 3 C-labelled arabinose 
molecule. Complete 13C labelling of the arabinose, a C5 compound, would increase 
the mlz from 349 to 354. This peak is larger than the peak at mlz 364 and may 
suggest that the majority of Fer-Ara in the wall is not uniformly labelled. 
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Figure 3.85. Mass spectra of Fer-Ara isolated from cell-suspension cultures fed 
[CCI or [ 13C]glucose. 
Fer-Ara was isolated as described in Fig. 3.58-65 and analysed by positive mode 
electrospray mass spectrometry. Spectra within red limits have been magnified x2 or 
x4 as peaks were low. 
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4 Discussion 
4.1 Phenolic ester content 
Analysis of the phenolic esters present in the cell walls of 2-d-old cell-
suspension cultures showed that spinach and maize were the only cultures in which 
ferulic acid was present to any great extent. There is also a clear difference in the 
amount of phenolics released from the saponification of different dicot walls. In the 
dicots cell walls analysed, Acer and rose were the only species, other than spinach, to 
release a noticeable amount of any phenolics. The Acer and rose phenolic, which did 
not co-migrate with any of the marker phenolics on the TLC plate, ran slightly 
slower than ferulic acid. This compound may be one of the less abundant cell wall 
phenolics, such as vanillin. However, as only a few species have had in-depth 
analysis of their phenolic compounds it cannot be ruled out that this is a novel cell 
wall phenolic. 
All cell-suspension cultures were found to take up [ 14C]cinnamic acid, but to 
varying degrees and rates. The two cell lines that took up [ 14C]cinnamic acid the 
fastest, spinach and maize (the only monocot tested at this stage), were also those 
that were found to contain the largest amounts of phenolic esters upon treatment with 
alkali. 
4.2 Fate of [14C]cinnamic acid fed to cell-suspension cultures 
From the four cell lines that were fed [ 14C]cinnamic acid, maize and barley—
both gramineous monocots, took up the radiolabel the fastest whereas the two dicots, 
spinach and Arabidopsis, were slightly slower. 
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Paper chromatograms of the IOW-Mr metabolites from the cells showed that in 
all cell lines a more polar compound that ran between the origin and where cinnamic 
acid ran initially accumulated then steadily disappeared over time. It was suggested 
that this compound may be a feruloyl- or sinapoyl-glucosyl ester that may play a role 
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Figure 13. Potential role of a feruloyl-glucosyl ester as a storage compound of ferulic acid. 
Dashed lines indicate putative pathways. 
The cell may not be able to utilise all the ferulic acid that it produces at the 
one time and so it could sequester excess ferulic acid, in the form of a feruloyl-
glucosyl ester, in the vacuole until it is required. The ferulate groups would later 
rejoin the feruloylation pathway when required by the cell for feruloylation. There 
are two points at which Irulate groups could join the pathway: the feruloyl-glucosyl 
ester may act as a precursor for Fer-CoA or it may act as a direct donor for 
feruloylation. It has been suggested (Ohel c/ al., 2003) that a feruloyl-glucosyl ester, 
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1-O-feruloyl-18-glucosyl ester, does act as a donor for the intraprotoplasmic 
feruloylation of arabinoxylan in wheat cell-suspension cultures. These cultures 
report that, in wheat cell-suspension cultures exogenous [ 14C]cinnamic acid was 
quickly taken up by cell-suspension cultures and was converted into 1-0-feruloy!-fl-
glucosyl ester. This compound seemed to feed into two separate pools: the 
intraprotoplasmic pool or the extraprotoplasmic pool. The intraprotoplasmic pool 
played a role in the feruloylation of arabinoxylan, whereas the extraprotoplasmic 
pool had no further role in feruloylation. 
Sequestered ferulic acid may also be used as protection against fungal attack 
as well as a precursor of cell wall linkages. Free phenolic acids can inhibit fungal 
growth in vitro and so plants which are in the midst of a fungal attack may release 
stored ferulic acid to limit further fungal intrusion (Assabgui et al., 1993). 
A putative [ 14C]feruloyl-CoA was detected in 2-d-old maize cultures up to 8 
min after initial [14C]  cinnamic acid feeding, whereas the compound suggested to be a 
feruloyl-glucosyl ester was still highly radioactive 64 min after [ 14C]cinnamic acid 
feeding. If the feruloyl-glucosyl ester was to act as a donor substance for feruloyl-
CoA then it would be expected that the feruloyl-CoA would be radiolabelled as long 
as the feruloyl-glucosyl ester was radiolabelled. These results suggest that as the 
putative [ 14C]feruloyl-CoA was radiolabelled up to 8 min after feeding, it could not 
be the point at which sequestered ferulate groups rejoin the feruloylation pathway 
from the feruloyl-glucosyl ester, as the depletion of the feruloyl-glucosyl ester pool 
of radioactivity takes up to an hour after feeding. If, however, the rate of donation 
from the feruloyl-glucosyl ester to feruloyl-CoA was very slow after an initial period 
of rapid donation, detection of [ 14C]feruloyl-CoA would be difficult. If this is the 
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case—that after an initial period of rapid donation and therefore high [ 14C]feruloyl-
CoA amounts was followed by a long period of limited donation and therefore low 
[ 14C]feruloyl-CoA amounts—then [ 14C]feruloyl-CoA would only be readily 
detectable for a short period when levels were high. Subsequent amounts of 
[ 14C]feruloyl-CoA may be too low to detect. 
It would be beneficial to identify a cell line in which incorporation of 14C_ 
derivatives into the cell wall occurred as swiftly as possible after initial feeding of 
label. Such a cell line would be identified where the amount of radioactivity present 
in 10W-Mr metabolites remains steady after an initial period of rapid change. 
Stabilisation in the pools of radioactivity after a period of change would indicate that 
exogenous radiolabel had been taken up by the cells, denoted by an increase of 
radioactivity in the low-M r metabolites, and had subsequently been incorporated into 
the cell wall, denoted by a decrease in 10W-M r metabolites' radioactivity. After this 
period of flux the radioactivity in the low-M r metabolites would then not continue to 
change over time, indicating that cell wall labelling was essentially complete. 
However, in the cell lines that have been investigated the low-M r ' 4C-labelled 
metabolites do not seem to reach the ideal steady state rapidly (Fig. 12). 
Feruloylation of newly synthesised polysaccharides with [ 14C]ferulate groups is 
therefore still taking place 8 h after the initial feeding. 
4.3 Control over diferulate formation 
The aim of controlling diferulate formation was to prevent the diferulate 
linkages forming after cultures had their glucose source changed from 12C to 13C. 
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Fry et al. (2000) found that intraprotoplasmic coupling of ferulate was reduced in 4-
d-old cultures when compared to 2-d-old cultures. Although the difference in the 
timing in the appearance of [ 14C]diferulic acid was only slight-2 min in 2-d-old 
cultures and 3 min in 4-d-old cultures—there was less formed in the older cultures. 
Attempts to find out if this effect became more pronounced in cultures older than 4 
days had mixed results. The oldest (7-d-old) cultures tested did have a delay in the 
appearance of [ 14C]diferulate compared to younger cultures (4-d-old). However, the 
time taken for it to appear (8-16 min after [ 14C]cinnamic acid feeding) was still 
shorter than the time it takes newly synthesised feruloylated polysaccharides to be 
transported to the cell wall (10-30 mm) (Fry, 1987; Myton & Fry, 1994). This 
indicated that although the amount of intraprotoplasmic feruloyl coupling was less in 
7-d-old cultures compared to 4-d-old cultures, it was still clearly taking place. The 
outcome of this finding was that I did not have the degree of control over ferulate 
coupling that was desired. 
To delay further the onset of ferulate dimerisation, the use of an inhibitor that 
would inhibit the role of peroxidase was investigated. Previous work (Encina & Fry, 
2005) has shown that the addition of potassium iodide to the medium of maize cell-
suspension cultures completely inhibited the integration of FAXX, a feruloyl-
arabinoxylan trisaccharide, into the cell wall. Potassium iodide is a scavenger of 
H202, causing its reduction to form H20 and 02.  This prevents the oxidative 
coupling of feruloyl residues as without H202 the peroxidase cannot catalyse the 
ferulate dimerisation. In a culture to which no KI was added and so H 202 was 
present, FAXX was removed from the medium and was likely to be integrated into 
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the wall through the formation of diferulate groups. This suggested that KI would be 
a suitable inhibitor of diferulate formation in my system. 
As potassium is a nutrient of plants, Nal was used as the inhibitor of 
diferulate formation. This should make no difference to the inhibition as it is the 
iodide ion which is responsible for scavenging H202. However, the results clearly 
showed that the degree of inhibition of diferulate formation by Nal was much less 
than 100%. The fact that the work was carried out on the same stock of maize-
suspension cultures as Encina and Fry's makes this result even more confusing. NaT 
was tested in direct comparison with KI, but with a similar outcome—a smaller 
increase in [ 14C]diferulic acid formation compared to iodide free controls (NaCl and 
KC1), but nowhere near the decrease seen by Encina and Fry (2005) when using KI. 
Investigations to find other suitable inhibitors also resulted in, at best, a slight 
decrease in [ 14C]diferulic acid production. 
This lack of inhibition meant that the 12C/ 13 C interface formed after switching 
the cells' carbon source from [12C]  glucose to [13C]  glucose was not clean i.e., 
intraprotoplasmic coupling of ferulate was taking place as cells were changing from 
the 12C source to the 13 C source and so a large number of the ferulate groups which 
were available for coupling had already become coupled within the endomembrane 
system before they went to the wall. This would therefore decrease the chance of 
diferulate groups forming across the interface when the inhibitor was removed and 
H202 added. 
As the change of carbon source was immediate, the production of polymeric 
material is likely not to have been interrupted. The introduction of an interruption in 
synthesis of cellular material could perhaps mean that a diferulate formation inhibitor 
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is no longer required. If cells were transferred from a 	source to a carbon-free for 
a period of time, this would allow the intraprotoplasmic pool of ' 2C-metabolites to be 
used up before transfer into a 13C  source medium. This would ensure that the 
interface between the ' 2C material and 13C material was devoid of diferulate linkages 
as there would have been a period of time in which there was no cell wall polymer 
synthesis or feruloylation as the intracellular metabolite pool had been used up. 
The introduction of a period of starvation would have to be carefully 
considered as it may have severe consequences on the cells. Too long a period may 
cause irreparable damage or cell death. Also, carbon limitations may cause other 
effects such as the shutdown of non-essential pathways. The synthesis of phenolic 
compounds may be shutdown before sugar synthesis. When a carbon source is 
returned, the resumption of products may also be unequal. It is also possible that in 
the event of starvation, the cell may start the breakdown of non-essential compounds 
as a source of carbon. 
Upon transfer into a ' 3C-containing medium after a period of starvation, 
polymer synthesis would resume and diferulate groups would be free to form across 
the interface, if they were able to do so. This method would also clear up any 
possibility of a diferulate group forming within a polymer which was synthesised at 
the point of transfer from one carbon source to the other. Potentially any polymers 
synthesised at this point could contain both ' 2C and 13C atoms. A diferulate group 
which formed between two sections of such a polymer could be misinterpreted as an 
intermolecular linkage when it was in fact an intramolecular linkage. 
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4.4 Does the intermolecular linkage exist? 
When [ 14C]cinnamic acid was fed to cell-suspension cultures in the presence of 
Nal, 14C-feruloylated polysaccharides were secreted into the culture medium. This 
did not occur to the same extent when there was no inhibitor present. The inhibition 
of the formation of diferulate groups may prevent the integration of these 
polysaccharides into the cell wall. This suggests that it is the diferulate groups, 
forming between two distinct polysaccharides, that anchor these newly synthesised 
polysaccharides into the cell wall. This is evidence that the intermolecular diferuloyl 
linkage does exist. 
Results from the mass spectrometry of diferulates found there to be little 
evidence for a C20 compound which consisted of ten 1 3  C atoms and ten 12  C atoms. 
This is not unexpected when the results from the analysis of ferulic acid are looked 
at. The amount of [ 13C]ferulic acid is so low that the chance of detection of these 
molecules after it has formed a linkage is slim. The evidence for the existence of an 
intermolecular linkage is limited, but the concept that such a linkage exists cannot be 
completely disregarded. 
Previous investigation produced very small amounts of diferuloyl 
oligosaccharides even though the analysis started off with large amounts of cell wall 
material (Ishii, 1990; Saulnier et al., 1999). One of these investigations started with 
400 g of cell wall material which resulted in only a few mg of material (di-FAXX) 
which was suggested to be evidence of a diferulate cross-link. My investigation 
started with around 3 mg of cell wall material and so it should be expected that only 
very small amounts of material of interest was detected. 
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The premise of this experiment was the formation of diferulate groups across 
the ' 2C1' 3C interface. The amount of any such linkages is likely to be very small 
with comparison with the total amount of ferulate dimers present in the cell wall. 
4.4.1 [13C]Glucose was not fully metabolised by cells 
It seems likely that the [ 13C]glucose taken up by the cells has not been fully 
metabolised. This is demonstrated on examination of data generated by the analysis 
of Fer-Ara. From these data it seemed likely that the arabinose residue is more likely 
to be 13C than the ferulate residue. This was evident from the consistent appearance 
of a peak at mlz 354, which was indicative of a [ 12C]ferulate group attached to a 
[ 13 C]arabinose group. These data are consistent with results from the ' 4C experiment 
which was carried out in tandem with both of the ' 3C-labelling experiments. The 
[ 14C]Fer:[ 14C]Ara was found not to be the 2:1 ratio that would be expected if all C 
atoms in both molecules were labelled with 14C to the same atomic specific 
radioactivity. It was found that there was less radioactivity present in the ferulic acid 
than there should have been, indicating that it was not fully labelled. 
The problem of ferulic acid not being fully labelled may be exacerbated by the 
integration of sequestered [ 12C]ferulic acid as mentioned in Section 4.2 into 
polysaccharides after [ 14C]glucose has taken place. This would cause a high 
proportion of [ 12C]ferulic acid residues to be present in isolated Fer-Ara molecules, 
causing a decrease in the radioactivity measured in the Fer pool. 
In the ' 4C experiment, radiolabel was present in diferulic acid, more 
specifically a compound which co-migrated with an internal marker of 5-5'-linked 
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diferulic acid. However, what this experiment could not tell us was how many C 
atoms of the diferulic acid were 14C, only that it was present. 
The complete labelling of arabinose and the incomplete labelling of ferulic acid 
with 13C may indicate that a longer incubation time is required for 13 C to flow though 
the shikimate pathway and into the phenylpropanoid pathway. This is exacerbated 
by the fact that we do not know how long it takes for the intraprotoplasmic ' 2C-
metabolite pools to be exhausted before 13C is used. If the internal 12C metabolite 
pool takes 12 h to become exhausted and the time taken for [ 13 C]ferulic acid to be 
synthesised from [13C]  glucose is anywhere near this time, then this would have a 
large influence of the amount of [ 13C]ferulic acid becoming ester-bonded to 
polysaccharides. 
4.5 Future research 
The aim of this investigation was to develop a method which would allow the 
existence of an intermolecular linkage to be tested. As well as developing the 
method, I have also been able to provide some preliminary evidence which points to 
the existence of an intermolecular linkage. I feel that the method that has been 
developed will allow, in the future, the true nature of this linkage to be tested. This 
will allow a point of debate in cell wall biochemistry to be fully answered with the 
conclusive evidence which is missing at the moment. 
If the preliminary results which suggest that there is indeed an intermolecular 
diferuloyl linkage lead on to conclusive results, it would be of interest to start to ask 
questions such as 'do all diferulate isomers form such a linkage?' It is possible that 
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only some diferulate groups are involved in the formation of intermolecular linkages, 
with the remainder forming intramolecular linkages. 
This discussion shows that there are still many questions to be answered 
about the structures formed within the cell wall and that it is still an area of active 
and dynamic research. 
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Fate of [' 4C]cinnamic acid fed to maize, spinach, Arabidopsis and barley cell-
suspension cultures 
Shona E. Lindsay 
The Edinburgh Cell Wall Group, ICMB, The University of Edinburgh, Daniel 
Rutherford Building, The King's Buildings, Edinburgh, EH9 3JH. 
Introduction 
Cinnamic acid is a precursor of ferulic acid, a phenolic compound that has 
been proposed to form cross-links between cell wall polysaccharides. The fate of 
[ 14C]cinnamic acid has been investigated in 2-d-old maize, spinach, Arabidopsis and 
barley cell-suspension cultures to measure the degree of incorporation of radiolabel 
into the cell wall. This will allow the identification of a cell line that incorporates the 
highest levels of [14C]  cinnamic acid derivatives into its cell wall over the shortest 
period of time. The identification of such a cell line will be an important step in the 
investigation of the nature of diferulate cross-links in plant cell walls. 
Methods 
[' 4C]Cinnamic acid (10 kBq, 17 TBq/mol) was added to 10—mi 10% settled 
cell volume cultures prepared from 2-d-old maize, spinach, Arabidopsis and barley 
cultures. Samples (300 il) of culture were removed over 8 h. The samples were 
quickly separated into cell-free medium (CFM), alcohol-soluble fraction (ASF) of 
the cells and alcohol-insoluble residue (AIR) of the cells. Portions of CFM and ASF 
were assayed for radioactivity by liquid scintillation counting. Further portions were 
subjected to paper chromatography on Whatman 3MM paper in butanol/acetic acid/ 
water (12:3:5) for 15 h. The resulting paper chromatograms were cut into strips and 
assayed for radioactivity. AIR was assayed for radioactivity by scintillation 
counting. 
Results 
[ 14C]Cinnamic acid was taken up by all cultures tested, but at differing rates. 
The speed of uptake may be related to the pH of the cell-suspension culture medium. 
An initial decrease of radioactivity in the medium was followed by a slow increase, 
probably due to the accumulation of polymer-bound ' 4C-derivatives secreted by the 
cells in the medium. Radioactivity quickly moved into the cells' ASF, initially as 
free cinnamic acid and later as an unidentified metabolite, possibly a feruloyl-
glucosyl ester that was turned over. Radioactivity also accumulated in the AIR of all 
cultures, with around 20% of the initial radioactivity fed to cell cultures being 
incorporated after 8 h. 
Conclusion 
[
14C]Cinnamic acid derivatives are incorporated into the cell walls of all 
cultures investigated. Future work will involve the feeding of [' 4C]cinnamic acid to 
investigate whether diferuloyl cross-links are intramolecular or intermolecular. 
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INHIBITION OF DIFERULATE FORMATION IN MAIZE CELL-SUSPENSION 
CULTURES 
Lindsay, S.E., Fry, S.C. 
The Edinburgh Cell Wall Group, Institute of Cell and Molecular Biology, The 
University of Edinburgh, Daniel Rutherford Building, The King's Buildings, 
Edinburgh EH9 3JH, UK. (s. e. lindsay@sms.ed.ac.uk) 
Diferulate linkages have long been known to exist in vivo (Ishii, 1991). However, 
there is still no unequivocal proof whether this type of group is able to form a cross-
link between two independent polysaccharide chains (interpolymeric linkage) or a 
linkage between different parts of the same polysaccharide (intrapolymeric linkage). 
We aim to develop a method that will test the existence of an interpolymeric 
diferuloyl linkage. 
The effect of various inhibitors (Nal, dithiothreitol and cysteine) on the ability of 
maize cell cultures to metabolise [' 4Ccinnamic acid has been investigated. These 
inhibitors caused a reduction in the [1  C]diferulate levels formed. The presence of 
' 4C-derivatives in the medium was assayed by liquid scintillation counting. The 14C-
feruloylated polysaccharides formed in the presence of the inhibitors appeared to 
pass through the cell wall directly into the culture medium, where they accumulated 
as soluble extracellular polysaccharides. We suggest that the inhibition of diferulate 
formation prevents the integration of newly synthesised arabinoxylans into the cell 
wall as diferulate linkages cannot form to anchor the polysaccharides into the wall. 
The ability of the cells to regain their capacity to form diferulate groups after 
removal of the inhibitor was also investigated. This was tested in the presence and 
absence of H202 after washing the cells free of the inhibitor. H202 was used to 
maximise diferulate levels formed by oxidative coupling. The identification of a 
method that allows control over the timing of diferulate formation is an important 
step in the investigation of the existence of an interpolymeric diferuloyl linkage. 
Acknowledgement. Research funded by a BBSRC studentship. 
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A method to answer the inter/intrapolymeric diferuloyl linkage debate. 
Shona E. Lindsay 
The Edinburgh Cell Wall Group, Institute of Molecular Plant Sciences, The School 
of Biological Sciences, Daniel Rutherford Building, The King's Buildings, 
Edinburgh EH9 3JH. (s.e.lindsay@sms.ed.ac.uk ) 
Introduction 
The existence of diferulate linkages in vivo has long been known (Markwalder & 
Neukom, 1976; Ishii, 1991). However, there is no convincing evidence that 
definitively describes the type of linkage that diferulate groups can form. There are 
two possible structural conformations: a linkage between different parts of the same 
polysaccharide (intramolecular linkage) or a cross-link between two independent 
polysaccharide chains (intermolecular linkage). I propose a method that will allow 
the existence of an intermolecular diferuloyl linkage to be tested. 
Methods 
[ 14C]Glucose was fed to a 7-d-old maize cell-suspension culture 1 h after the addition 
of 5 mM Nal, a peroxidase inhibitor. Cells were allowed to grow for 24 h in the 
presence of the [' 4C]glucose and NaT with the aim of creating a ' 2C/' 4C interface of 
polysaccharides and phenolics that did not contain any diferulate linkages between 
the two groups. After 24 h, a sample of the culture was taken and the inhibitor was 
then removed from the remainder of the culture by thorough washing. The cells 
were resuspended in C-free medium ±1 mM H202 to maximise the formation of 
potential diferulate cross-links between the two populations ( 12C and 14C) of 
polysaccharides. Samples of the culture were removed after 1, 3 and 8 h. An 
alcohol-insoluble residue was prepared from each of the 4 samples - 50% treated 
with mild acid to release Fer-Ara; 50% treated with mild alkali to release Fer-Fer. 
After purification, the radioactive content of isolated fractions was analysed by 
scintillation counting and autoradiography. 
Results & Conclusions 
Autoradiography and scintillation counting of the isolated cell wall fractions have 
shown the incorporation of radioactivity into the groups of interest, namely Fer-Ara 
and Fer-Fer. This confirms that isotopically labelled glucose is a suitable precursor 
for an experiment of this type, as it is incorporated into both the cell wall fragments 
of interest in measurable amounts. This information forms the basis for a 13C-
labelling experiment in which the isolated cell-wall fractions will be analysed by 
mass spectroscopy to find out the extent of the ' 3C-incorporation into the fractions of 
interest. This will allow me to draw conclusions about the nature of the diferuloyl 
linkage and potentially end the inter/intrapolymeric linkage debate. 
Acknowledgements Research funded by a BBSRC studentship. 
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Inhibition of diferulate formation in maize cell-suspension cultures 
Shona E. Lindsay 
Introduction 
Diferulate linkages have long been known to exist in vivo (Markwalker & Neukom, 
1976, Ishii, 1991). However, there is still no unequivocal proof whether this type of 
group is able to form a cross-link between two independent polysaccharide chains 
(interpolymeric linkage) or a linkage between different parts of the same 
polysaccharide (intrapolymeric linkage). I aim to develop a method that will test the 
existence of an interpolymeric diferuloyl linkage. 
Methods 
The effect of various peroxidase inhibitors (Nal, dithiothreitol and cysteine) on the 
ability of maize cell cultures to metabolise [ 14C]cinnamic acid has been investigated. 
The ability of the cells to regain their capacity to form diferulate groups after 
removal of the inhibitor was also investigated. The presence of 14C-derivatives in the 
medium was assayed by liquid scintillation counting. 
Cell suspension cultures (2.4 ml) were incubated for 1 h with an inhibitor (5 mM 
Nal, 20 mM NaT, 5 mM dithiothreitol or 5 mM cysteine) or H20 before the addition 
of [14C]  cinnamic acid. After 24 h, samples (400 tl) were removed and treated with 
10% formic acid containing 1 mM mercaptoethanol. Formic acid does not 
precipitate soluble extracellular polysaccharides (SEPs), as would occur with EtOH, 
and therefore avoids their inclusion into the formic acid-insoluble residue (cell wall 
material). Formic acid-insoluble residue was washed with 70% EtOH and 100% 
acetone and dried. Polymer-esterified 14C-derivatives were extracted with 0.1 M 
NaOH and partitioned into EtOAc. Contents of the EtOAc phase were analysed by 
thin-layer chromatography in benzene/acetic acid (9:1). 
Results & Conclusions 
The inhibitors caused a reduction in the formation of polysaccharide-bound 
[ 14C]diferulate. After removal of the inhibitor, the ability to form diferulate was 
regained in the presence of H202. 
A portion of the 14C-feruloylated polysaccharides formed in the presence of the 
inhibitors appeared to pass through the cell wall directly into the culture medium 
where they accumulated as SEPs. I suggest that the inhibition of diferulate formation 
prevents the integration of newly synthesised arabinoxylan into the cell wall as 
diferulate linkages cannot form to anchor the polysaccharides into the wall. 
The identification of a method that allows control over the timing of diferulate 
formation is an important step in the investigation of the existence of an 
interpolymeric diferuloyl linkage. 
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